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SUMMARY

This handbook has been prepared primarily for the power, communications, and

| systems engineer who must bs concerned with the 2{fects of the nuclear electromagnatic
pulse on his system. The power engineer should be aware of the effects of EMP on his
transmission and distribution system, and the power users must protect their equipment

,\ ' frum the pulse conducted into their facilities on the power lines. The contents of this
handbook draw heavily on the results of research conducted at Stanford Research Institute
for the Air Force Weapons Laboratory under Contract F28601-69-C-0127 and on the
extensive work conducted by D. B, Nelson, J. K. 8aird, and J. H. Marable at tha Oak Ridge
National Laboratory.

This handbook was prepared under the auspices of the Defense Nuclear Agency
under Contract DNAOD1-73-C-0238. Project Officers for this task were Maj. Frank Vajda
and Maj, William Adams.
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PREFACE

The author gratefully acknowledges the ~onstructive criticism of the draft by A, L.
Whitson, L. Schlessinger, J. E. Bridges, J. H. Marable, and R. V. Hugo, and by Maj. William
Adams, Their many suggestions have, without doubt, contributed to a more useful hand-
book. Special credit should also be given to Maj. Frank Vajda who initiated the program
for preparation of this handbook.
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Chapter One

EFFECTS OF THE EMP
ON POWER SYSTEMS

11 INTRODUCTION .

Until a few years ago, the nuciear EMP community gave little attention to commer-
cial power systems other than to recommend surge arrestors and line filters for the power
lines, It is now recognized, however, that the commaercial power system can be a major path
for coupling the EMP into ground-based systems. The power distribution system forms a
very large, completely exposed antenna system that is hard-wired into the consumer’s fa-
cllity. Thus extremely high voltages may be developed on the power conductors, and even
if the commarcial power s not relied on for system survival these voltages may be delivered
to the system either before commercial powar is lost, or by the ground or neutral system
after transferring to auxiliary power,

in the last few yaars, considerable research has been performed on EMP coupling to
commercial power systems in an effort to characterize the power distribution lines as EMP
collectors and to determine the effacts of major components, such as transformers, lightning
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arresters, and low-voltage wiring, on the penetration of the received signal into ground-based
facilizies, This research has entailed development and experimental verification of the theory
of coupling to transmission lines, and even though considerable research is still continuing

on the EMP interaction with power systems, it is felt that the preparation of a handbook on
the interaction of EMP with commercial power systams is in order so that designers and
systems engineers can benefit from the results of extansive data already accumulated.

1.2  CHARACTERISTICS OF THE NUCLEAR EMP

1.21 GENERAT!ON OF THE EMP

The nuclear electromagnetic pulse (EMP) is produced by the products of a nuclear
detonation interacting with air molecules to produce a sudden separation of electrical
charge. This process Is illustrated in Figure 1-1(a) for a surface detonation and in Figure
1-1(b) for a high-altitude detonation. Very-high-energy v-rays (photons) are produced by
the nuclear detonation and propagated radially away from the burst point. These y-rays
eventually collide with air molecules to produce relativistic Compton electrons which also
move in the radlal direction. The heavier positive lons are left behind, so that a separation
of the negative electrons from the positive ions occurs. This is the charge separation mech-
anism by which the electromagnetic pulse is initiated. As the Compton electrons travel
through the air, however, they collide with neutral alr molecules to produce secondary elec-
trons, and lose thelr energy in this process. The air sonn becomes fairly highly ionized and
the separated charge begins to discharge as a result of current flowing through the ionized
air. At large distances from a surface burst, this charge separation and relaxation has the
appearance of a transient electric dipole.

The charge-separation mechanisms ara similar for the high-altitude detonation, but
because the probability of the y-ray {photon) colliding with an alr molecule is relatively low
until it has reached the more dense atmaosphere, - 10st of the Compton electron production
and charge separation occurs in or below the region of the upper atmosphere containing
the ionosphere D-dayer. In this region, the distance that a Compton electron travels
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Figure 1-1  MECHANISM FOR GENERATION OF THE EMP

before it loses its energy through coliisions is great enough that the curvatuire of 'ts path pro-
duced by the earth’s magnetic field and the resultant magnetic dipole moment, are also sig-
nificant, as is indicated in Figure 1-(b). As is also illustrated in Figure 1-1(b) the source
region where the charge separation occurs can cover a very large area, so that the EMP pro-
duced by a single high-altitude detonation may be quite strong over a region with dimen-
sions of several hundred miles.
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1.2.2 CHARACTERISTICS OF THE HIGH-ALTITUDE EMP

The detailed characteristics of the high-altitude EMP waveform vary with weapon
chziacteristics and the positions of the observer relative to the burst point, but for the pur-
poses of most EMP coupling analysis a simple, approximate wavefoim is adequate. A useful
approximation for the incident electric field strength to be used in coupling calculations is
the two-exponential pulse given by

E(t) = Eo (o1 - oV72) (1-1)

where 7, is the pulse-decay time constant and 7, is the rise time constant, Since 74 >> 1y,
Eo Is approximately the peak value of the incident electric field strength. The values given by
Marable et al.t* for E;, r,, and r, are

Eo ~#56.2 X104 V/m
Ty % 6.7 X 10-7s
7, 38X 10-8s
A sketch of the waveform plotted from Eq. (1-1) using these values is shown in Figure 1-2,
The Fourier transform of the two-exponential pulse s
1'1 - 1'2

Elw) = E 1-2
() {1+ jory) (1 + ) “-2)

“ Refarences are listed in the last section of each chapter.
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A plot of the magnitude of the field E(w) for the values of E, 4. and 7, given above is
shown in Figure 1-3.

From this approximate waveform and its Fourier transform, it is apparent that the
EMP produced by a high-altitude detonation is characterized by a very fast rise to a peak
electric field strength of the order of 50 kV/m, and that the duration of the puise is of the

order of 1us. The spectrum of the pulse contains significant energy at frequencies approach-
ing 100 MHz,

The magnetic field strength (outside the region of ionization) associated with the

EMP is related to the electric field through the intrinsic impedance of air (1207), so that the
incidant magnetic field is

EBo -tir, -t
- — 1. 2 (1-3)
H(t) Y20 (e e 4

123 COMPARISON WITH LIGHTNING

Because both the nuclear EMP and lightning produce large electromagnatic tran-
sients it is natural to compare their properties and characteristics. As is well known, light-
ning Is produced by the discharge of static electricity accumulated in clouds. The discharge
occurs as a long arc between the cloud and the earth, in which peak currents of tens of kA
(but occasionally hundreds) and charge transfers of about 1 coulomb occur.?: 3 Typical
current rise times are of the order of 1 us, and the duration of individual current pulses
{time to decay to half the peak value) is of the order of 40 us. Each lightning flash normally
consists of several strokes or pulses of current. The lightning stroke~current rise-time and
duration are thus much greater than those of the EMP fields.

The effacts of lightning are most severe when a direct strika Is incurred. These effects
are often manifested as molten metal, charred insulation, and exploded timbar—the result
of a high energy density delivered by the stroke to its point of attachment. Lightning
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transients propagated along transmission lines often produce peak voltages of several hun-
dred kilovolts with pulse rise-times of about 10 us and durations of 50 us or more. This
transient is not necessarily a common-mode (zero-sequence) voltage, since the stroke may
attach to only one conductor; the voltages induced in the remaining conductors are pro-
duced by mutual coupling.?

Because the nuclear EMP arrives at the surface as a plane, propagating wave, rather
than as a stroke channel, the melting, charring, and splintering effecte associated with direct
lightning strikes do not usually occur with the EMP. The EMP exerts its infiuence through
induced effects; the very large electromagnetic fields of the EMP induce large voltages or
currants in antenna-like elements of equipment. For example, a 5-meter-high vertical con-
ductor (monopole antenna) exposed to a 60-kV/m incident electric field will have an open-
circuit voltage of 500 kV induced at its base. The reader should adjust his thinking to
accomodate the fact that the very fast rise time of the EMP implies that conductors over a
few feat loiig are no longer elactrically short, Thus, although a 20-ft-long ground wire on a
transformer pole may be treated as a lumped inductance for lightning transients, 20 ft Is
twlice the distance a wave will propagate during the buildup time of the EMP. Conductors
over a few feet long must therefore be analyzed as transmission lines, rather than lumped 1
glements, in the investigation of EMP effects. In addition, small inductances and capaci- '
tances that are negligible in lightning analysis become important in EMP analysis because of
the large rates of change associated with the leading edge of the EMP.

The primary effect of the EMP is, therefore, the production of large voltages or cur-
rents in conductors such as powaer lines, buried cables, antennas, etc. These induced currents
and voltages may then cause secondary effects such as insulation flashover and electronic
component damage or malfunction. Electronic logic circuits, in which information is trans-
ferred as a train of pulses, are particularly susceptible to transients of the type induced by
the EMP. Even small transients in these circuits can cause a false count or status indication
that will lead to an error in the logic output, and large transients can destroy the junctions
of the solid-state devices used in these circuits. :*furthermore, the techniques used for pro-
tecting equipment from the slowly rising lightning transients are not necessarily effective
against the fast-rising EMP-induced transients.
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1.24 TECHNOLOGY APPLICABLE TO EMP ANALYSIS

Because the EMP is a transient whose spectrum s significant at frequencies approach-
ing 100 MHz, the analysis of EMP effects is a transient analysis. Hence, although some dif-
ferences between the EMP and lightning have been noted above, the results of extensive
transient analysis related to lightning are beneficial to the analysis of EMP effacts on power
systems and components. One of the problems encountered ir the analysis of the coupling
and propagation of EMP-induced transients is that of determining the electrical properties
of components such as transformers, motors, etc, at frequencies other than their normal
operating frequencies (60 Hz). For many transmission-line components, however, analyti-
cal tachniques and componant characteristics have been developed for lightning and switch-
ing transient analysis that are applicable for the frequency spectrum below 1 MHz.4~7

Engineers familiar with conventional transient analysis of powar systems should therefore
be well equipped to perform EMP analysis.

Some data are also available for system and component characteristics in the 50-to~
160-kHz range used for power-line carrier appllcations.a Although much of the supervisory
control, telemetering, and relaying is now carried on microwave links, power-line carriers
are still in use and much data on the transmissior properties of lines and components are
available to supplement the data available from lightning and switching trensient analysis.
Because of the fairly narrow band of fraguencies used for power-line carrier operations,
however, these data are of somewhat |imited value.

Because the usual treatment of lightning and switching transients is not concerned
with frequencies above about 1 MHz, high-frequency techniques must be invoked for ana-
lyzing the power system’s response to the EMP, Most usaful in the EMP analysis at frequen-
cies above 1 MHz Is a good understanding of the fundamentals of electromagnetic waves and
transmission lines.9-1! As was indicated in Section 1.2.3 above, many conductors that are
electrically small at 1 MHz {300-maeter wavelength) are large at 100 MHz (3-meter wave-
length), Thus the EMP analyst must be acutely aware of wave propagation times and the
transmitted and reflected waves at discontinuities in conductor configurations, To illustrate
this point, consider a lightning transient with a 1.5-us time-to-peak. The toe of this tran-
sient has propagatad 1600 ft beyond an observer by the time the peak arrlves. For a 1-us-
wide pulse with a 10-ns time-to-peek, howevar, the toes of the pulse has propagated only 10
ft by the time the peak arrives, and by the time the toe has propagated 1600 ft beyond the
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observer the trailing edge of the pulise has passed and propagated 500 ft beyond the observer
(the velocity of propagation is approximately 1 ft/ns). One consequence of this differance
is that the current at the top of a vertical ground wire on a pole may be radically different
from the current only 30 ft away at the hase of the pole.

1.3  DESCRIPTION OF A POWER SYSTEM

The power system Is described from the viewpoint of e consumear who is concerned
about the EMP-induced transients entering his facility on the power conductors, As viewed
by the consumer, the most important parts of the power system are those that are closest
to his facility. Thus the service entrance, the distribution transformer, and the |ast mite of
distribution line are quite important, but parts of the distribution and transmission systern
over a mile away decrease in interest as the distance increases.

Typical service at the end of a distribution line is shown in Figure 1-4 for service
with ground-besed transformers. The 3-phase aerial distribution line ends on the guyed
pole, whara the line is spliced to shielded cable, which enters a conduit running down the
pole and underground to the transformer, The top of the pole is shown in Figure 1-4 to
illustrate the installation of the lightning arresters, disconnact switches, and potheads. Rigid
steel conduit is normally used to protact the conductors on the drop down the pole, but
often fiber duct is used for a segment of the buried horizontal run between the pole and
the transformers, There is almost always a ground wire for the lightning arresters running
down the pole to a ground rod ur butt wrap at the base of the pole.

The other end of the conduit and the distribution transformers are shown in Figure
1-B. In the case shown, the transformers are mounted outdoors on a concrete pad and
protected by a chain-link fence. The shieldad cables exit the conduit through a moisture
barrier and are terminated in potheads, Connecting leads between the pothead terminals
and the transformer terminals can be seen in the figure, Three single-phase transformers
are used to reduce the distribution voltage (13.2 kV) to the consumer’s voltage (440 V).
Tha neutral conductors and the transformer cases are grounded to ground rods just off
the concrete pad.
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A view of the secondary side of the transformers and the low-voltage conductors
entering the weatherheads is shown in Figure 1-6. In the installation shown in this figure,
several conductors are used for each phase, so that three entrance conduits are required.
These conduits also may be either steel, part steel and part fiber duct, or fiber duct all the
way. The conduits are normally run underground into the bullding where they terminate in
the main circuit-breaker panel. The length of the conduit between the top of the pole and
the transformers ranges from about 50 ft to about 1000 ft, but a typical distance is about
100 ft. The length of the conduit between the transformers and the main circuit-breaker
panel is typically 20 or 30 ft, but it can vary from about 10 ft up to about 200 ft,

The outdoor transformer arrangement shown in Figures 1-5 and 1-8 is quite com-
mon, but other common practices include installing the transformers in steal cabinets or
shads outside the building or in a vault insida the building. Pole-mounted transformers are
common for light loads and at sites where real estate for ground-based installations is limited.
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Some of the features of the service that are important in the analysis of EMP coup-
ling to the building electrical circuits are:

I

(1) The helight and separation of the conductors of the distribution lines, These
affect the coupling of the EMP to tha line.

(2) The lightning arresters. Thase protect the potheads and shieldsd cables from
insulation breakdown,

(3) The characteristic impedance of the shielded cables. A large mismatch between
the aerial line and the shielded cables |imits the voltage deliverad to the cables,

(4) The conduit between the pole and the transformers. 1f the conduit is all steel,
the cables will be protected from the flelds in the ground, but if it is partly
plastic or fiber duct, additional coupling may occur along this path,

{6) Tha transformers and connecting leads. These behave as bandpass filters that
limit the very high frequancies and the very low fraquencies. |f the secondary
leads are exposed for significant lengths, however, some of the high-fruquency
spectrum may be restored by direct coupling to the EMP.
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{8) The conduit between the transformers and the main circuit-breaker panrel, |f
the conduit is steel, the conductors are waell shielded, but if partly plastic or
fiber, significant coupling to the conductors can occur,

(7) The lead lengths batween the aerial lines and the shielded cables and between
the transformer terminals and the conduits. The inductance of thase leads
limits the rise time of the transient propagating toward the bulilding,

The distribution system supplying a facility is likely to be unique to each facility. A
typical rural distribution system is shown in Figure 1-7. The distribution network shown is
that provided by ona rural electric cooperutive serving customers within a 10-mile radius of
its distribution substation. Note that there is a mixture of single-phase service and 3-phase
service, and the distribution systern is interconnected with neighboring systems, Of interest
is the fact that most customars are at the ends of segments of transmission line that are at
least 1000 ft long, and many are sarved by spur {ines over a mile long. In the network shown

33




B

TR e e

R I T

e,

v

in Figure 1-7, only ona 3-phase customer is close enough to the substation to be even
remately concerned with EMP coupled to the subtransmission line. Also noteworthy is the
fact that aven in this rather sparsely populated service area, the distance between branches or
spur lines is typically only about one mile. This fact is important in assessing the bulldup of
induced current propagating into a facility from great Jistances, since spurs, branches, or
bends tend to limit the bulldup and propagation of this current. in more densely populated
urban and suburban areas, of course, the distance between spurs and branches is much less

than that shown in Figure 1-7,

Although the consumer is ssldom concerned with the generation and transmission
system, this part of the power system is exposed to the EMP and may be suscapiible to the
EMP-induced trangients. The generation and trensmission system is shown schematically in
Figure 1-B to lllustrate the hierarchy of the system. In practice, however, thare are mariy
intertivs at the transmission, subtransmission, and distribution levels, so that the trangmission
and subtransmission systems form very complicatad networks. These systams also contain
feedback in the form of suparvisory control and relaying, so that a disturbance, (e.g., |oad
shedding, generator shutdown) in one part of the system causes changes In the remainder

of the system,

1.4 CONTENTS AND USE OF THE HANDBOOK
1.4.1 SUBJECTS COVERED

The goal of this handbook is to provide the formules and numerical examples neces-
sary to evaluate the principal coupling problems a power-consumer might encounter, and to
provide some general information on grounding theory, protection techniques, and test
methods. Becau: » it has been preparad as a handbook, rather than a treatise, the complete
derivation of coupling formulas has not besn provided, although some of the more impor~
tant formulas have been partially derived, and an attempt has been made to provide refer--
ences to sources where the subjects are treated in more detail.
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Coupling of the EMP tu transmission lines and through the distribution transformer
and entrance concults Is covered in Chapters Two, Three, and Four. The partition of the
¥ power system among these chapters is illustrated in Figure 1-4. Chapter Two contains
formulas and results for coupling to aerizl transmission lines and includes the effects of
soil paramaters and of polarization and angle of incidence of the EMP, as well as the
yffects of vertical olements such as ground wires and service-entrance condults,
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Chapter Three treats the transmission of the transient through the entrance conduits.

Included in this chapter are transmission-line formulas for passive metal conduit systems and
for fiber condults along which additional coupling occurs, Also discussed In this chapter are
the shielding properties of rigid steel conduit and tape-wound shields. Examples of the

waveforms delivered to the load-end of transmission lines simulating service-entrance con-
duits are given for resistive, capacitive, and inductive loads.

The linear and nonlinear characteristics of transfurmers and lightning arresters are
given in Chapter Four. Although the data available on transformers and lightning arresters
are still somewhat limited, the trends are evident and the bandpass behavior of the trans- ‘
formers and data on firing voltage versus time to fire available are presented In this chapter,

Chapter Five discusses some aspects of coupling through internal building wiring.
Because the electrical wiring in a typical building has extremely complex high-frequency
characteristics, detalled analytical procedures for handling this part of the coupling are very
cumbersome and generally not very accurate. Nevertheless, some general guidelines and aids
to estimating major coupling parameters are presentad.

Chapters Six, Seven, and Eight treat grounding, protection, and testing, respectively.
Grounding theory arid practice are reviewed in Chapter Six in @ more or less qualitative man-

ner, primarily tor the user who is not familiar with the subject, Effective and economical i

protection methods using arresters and filters are described in Chapter Seven. Techniques
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for evaluating component susceptibility to EMP-induced transients and for proof-testing
facilities are described in Chapter Eight.

14.2 CONVENTIONS USED IN THE HANDBOOK

Throughout this handbook coupling formulas in the frequency domain and the time
domain are used. Because of its wide use by electrical engineers, the Fourler transform has
been used for fraquency-dormain representations. The Fourier transform pair, as used
throughout this handbook, can be written as follows:

Flw) = [ fieritde (1-4)
[+}
1 7 :
flo) = 5 [ Fluletde (1-8)

For those more accustomed to the Laplace transform, the transition Is very simple since
the Fourier variable jw and the Laplace variable s are interchangeable for all applications

encountered in this handbook. This is apparent from & comparison of Eqs. (1-4} and (1-5)
with the Laplace transform pair:

F(s) [ ft)e-Tdt (1-6)
[¢]
& +joo .
f(t) = =—— F(slet'ds
(t) o /8_‘“ (1.7)

for the limiting case where § = 0. {However, this simple change of variable cannot he used
for waveforms that are not zero tor negative time.)
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The time dependence of alternating fields, voltages, and currents used in the hand-
book is €l“!, consistant with common electrical engineering usage. This time dependence
is consistently suppressed (by the Fourier transform}, however, so that the expression far a
propagating field that represents

E(t) = Eo ellwt - ka)

is written

E(w) - EO e']kl

The important effect of the el time-dependence is that it makes inductive impedances pos-
itlve imaginary quantities (jw L), and capacitive impedances negative imaginary quantities {~j/wC),

The rationalized mks system of units is used exclusively in the analysis and formulas
presented, although dimensions and distances are sometimes discussed in the more familiar
English or enginaering terms (e.g., feet, miltes, mils). In the rationalized mks system, the
following dimensions and constants apply:

; Quantity Unit Abbreviation |
potential volt \Y
current ampere A
impedance ohm L9}
electric field strength volt/meter V/m b
magnetic field streéngth ampere/mater A/m
inductance hanry H
f capacitance farad F
permeability ‘
(g = 47 X 1077 H/m) henry/meter H/m }
‘ permittivity i
* (e, = B.85 X 10712 F/m) farad/meter F/m 1

, conductivity mho/m




Conventional abbreviations for fuctors of 10*™ are used:

One exception to this convention occurs in the discussion of cable sizes, where MCM is
used to abbt wiate ‘‘thousand circular mils,”

1.6

Prefix Symbol Meaning
pico p X 10712
nano n X 1079
micro i X 10°9
milli m X 1073
kilo K X 10%
mega M X 108
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Chapter Two

COUPLING TO TRANSMISSION
LINES

21  TRANSMISSION-LINE CONFIGURATIONS “1
. 211  GENERAL

Ovaerhead lines for power transmission, subtransmission, and distribution are used to 3
carry 3-phase, 80-Hz power from the generating station to the consumer. The lines may :
vary in length from a traction of a mile to hundreds of miles and may transmit 80-Hz volt- i
ayes varying from a few kilovolits to a few hundred kilovolts. Although it is doubtful that
the power lines will be damaged by the EMP, they are very larye, exposed collactors of the
EMP that can funnel the EMP energy Into the consumer’s facllity, the substations that control
lina relaying and load control, and the generating stations. A primary consideration in the

i analysiy of coupling to the power lines is, therefore, the EMP-induced voltages or currents i
available from the ends of the lines that might atfect critical compaonents in the terminal
facilities of the consumer or the pcwer system. A second consideration, howaver, is the

possibility that the EMP-induced voltages might produce insulation breakdown along the
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line and thereby induce faults or protective reactions that cause widespread load-shedding ot

similar responses that the power system cannot cope with,

In this section, a hrief description of the physical construction of power lines and

power-line components will be given, The emphasis in this dascription will be on those
aspects of the power lines that are believed to be important in the coupiing and propagation
of EMP-induced transients — namely, their geometry and insulation,

21.2 CONSTRUCTION OF TRANSMISSION LINES

Wood pole construction is used aimost exclusively for overhead distribution lines
that transmit power from the distribution substation to the consumer. Wood pales are also

POLE TOP TWO ARM SINGLE ARM

i o
~

> -
{(a)  SINGLE CIRCUIT

GHOUND LEAD
(bl DOUBLE CIRCUIT

Figure 2-1  WOOD POLE CONSTRUCTION FOR
DISTRIBUTION AND SUBTRANSMISSION LINES
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very widely used for subtransmission
lines that carry power from the bulk-
power source to the distribution sub-
stations. Typical wood-pole line con-
figurations for 3-phase transmission are
shown in Figure 2-1, The conductors
are supported on crossarms, on pin or
post type insulators, A wood-pole line
may carry a single 3-phase c¢lrcuit as
shown in Figure 2-1(a) or two 3-phase
circui as illustrated in Figure 2-1(b).

Wood poles are also usod for
transmission lines at voltages up to
181 kv, 12 Typical construction ot these
lines is llustrated in Flgure 2-2, The
conductors are usually supported on
suspension insulators at these voltayes,
and at the higher voitages where large
conductor spacing is required, the H-
frame construction illustrated in Figure

P
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Figure 2-2 WOOD POLE CONSTRUCTION FOR ,TRAN{&MI&SWN LINES AT VOLTAGES UP

TO 181 kV

2-2(c) Is common, Modern transmiasion lines des‘gned for l\ghtnlng protection are provided
with ground wires above the phase oondqctqrs ut thu .op bf dach pole in the H-frame con-
struttion, for example).' These ground wired are grbundgd at'sadh pole by wrapping several

¢ GROUND
: WIRES

(r) {b) (a)
auTT WRAP BUTT PLATE GROUND HOD

Figure 2-3 GROUNDING METHODS FOR WOOD-
POLE LINES

44

turns av‘ound the butt of the pole
below the ground level as {llustrated in

~ Figure 2-3(a). Grounding &t the pole
- may alro 0e achieved with a butt plate

attachwy to the bottom of the pole
ind, occnnipnally, with ground rods
drivan near the base of the pole as
illustrated in Figuras 2-3(b) ard (c).

High-voltage transmission lines
supported on steel towers are common
for bulk-power transinission from
major genacating plants to utility cus-
tomaors or within a utility's power net-
work, 14 Typical steel tower supports
for singlo and double circuits are Illus-
trated in Figure 2-4. Overhead ground
wiras for lightning protection {(at the
points atop the towers in Figure 2-4)
ate widaly used on these transmission
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Figure 2-4 STEEL TOWER CONSTRUCTION
FOR TRANSMISSION LINES AT VOLTAGES OF
68 kV AND ABOVE

impedance of typical power lines is 300 to 600 ohms,

213 TRANSMISSION-LINE CABLE

lines, Counterpoises at the tower
footings are used to minimize the surge
impedance of the hase of the tower.
Counterpoise and insulation are de-
signed to permit the tower or overhead
ground wires to accorimodate a direct
lightning stroke without the tower-
to-phase-conductor voltage exceeding
the insulation flashover voltage, Al-
though somae older transmission lines
use horn gaps or expulsion-tube light-
ning arresters to protect the phase
conductors, modern lightning protec-
tion design relies on overhead ground
wires and tower footing counterpoises
to reduce the probablility of flashover
of the phase-conductor insulators.

Some of the propertias of
wood-pole and steel-tower transmis-
sion lines are given in Tahle 2-1. The
60-Hz transmission voltage is given in
the left-hand column, followed by the
basic insulation level, the height (at
the pole or tower) of the lowest con-
ructors, the span between poles, and
typical transmission-line lengths, The
common-made (zero sequence) surge

Conductors for power lings are usually stranded cable of copper, aluminum, or
copperweld (copper-tlad steel), although the conductors for the higher voltages may be of
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Table 2-1
SOME TYPICAL PROPERTIES OF ABOVE-GROUND POWER LINES

i Height of Lowest Span

Voltage | Insejation |_Conductor (f (f0 Typieal |
(kV) Leval Wood [ Steel Wood Steel | (miles)

{kV) Poles | Tower Poles Tower
24 46 25-36| - 160-200* 0-3 Distribution
48 60 26-36 | — 100-200* 0-6 Distribution
7.2 30-40 | ~ 100-200* 1-10 Distribution
12,6 86 30-40| -~ 100-200" 5-20 Distribution
23 160 30-40] - 200* 630 &
345 200 40 300°* 10-40 ' | Subtrangmission
a9 350 45 40-60 | 600 600 25-100 | Transmission
116 560 50 40-60 | 600 700 26-100 | Trangmissian
138 860 50 50-80 | 600 800-900 |25-140 | Transmission
161 750 §0 50-80 |600 800-1000 Transmission
230 1060 - 60-100 | -- 900-1000 |45-260 | Transmission
287.6 1300 - 70-120 | - 900-1000

* Lonyer spang are often used in rural areas

the hollow type HH (Hederheim) construction.'? Some typical power cables are illustrated
{n Figure 2-5. Cable sizes range from No. 8 AWG (16,610 circular mils) for short lines with
light loads, to the equivalent of 1,000,000 circular mils of copper for long, high-power lines,
Cabie for high-voltage transmission lines is of the hallow or rope-core construction illus-
trated in Figures 2-8(c) through (f) to give tha cahle a larger radius for a given cross section.
The larger radius is required for high-voltage lines to increase the corona threshold of the
conductor. Some of the larger hollow cablus are over 2 inches in dlameter.

214 LINE INSULATORS

Insulators for transmission lines are made of glazed porcelain and shaped to provide
long surface leakage paths, wet or dry. Hardware for attachivig the insulator to the supporting
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Figure 2-6 TRANSMISSION-LINE CABLE
CONSTRUCTION

structure and for attaching the power
conductor to the insulstor are pro-
vided. Figure 2-6 illustrates soma
typical power-line insulators, The
pin-type insulators shown in Fig-
ure 2-8(a) and the post-type shown
in Figure 2-6(l) are used for distri-
hution, subtransmission, and low-
voltage transmission lines. Strings
of suspension-type insulators, such
as those illustrated in Figure 2-8l{c)
are used for all high-voltage trans-
mission tines. Suich strings may be
provided with arcing horns and
grading rings on soma of the older
transmission lines. As can be seen
in Table 2~1, the basic insulation
level for transmission lines, which
indlicates the paak 1.5 X 40 us im-
pulse voltage the syatem can with-
stand without flashover, is much
higher than the 80-Hz transmistion
voltage, even for transmission volt-
ages greater than 100 kV, This
margin of safety (on the transmis-
sion voltage) permits the use of
lightning arresters whose firing volt-

age is considerably larger than the transmission voltage, yet low enough that the lightning
arrester fires befora insulator flashaver.!2:3 On older transmission lines, expulsion-type
lightning arresters were used along the line (at each support) to protect the insulators against
direct strikes to the phase conductors. Modern transmission lines use the overhead ground
wire to protect the phase conrductors against direct striken along the line. Lightning arrestars
are then used only at the ends of the line to protect the terminal equipment (transformers,
substations, etc.). Many distribution and subtransmission lines are assentially unprotected
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against lightning strikes along the line, but terminal equipment is almost always protected

with lightning arresters.
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Figure 2-6 TRANSMISSION-LINE INSULATORS
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2.1.6 Intaraction of the EMP with Transmission Lines

The EMP wave induces current in the horizontal conductors strung on poles or
towers, and it induces current in the vertical elements, such as steel towers, ground wires
on wood poles, or vertical runs of cable or conduit at the custorner’s service. It it in these _
parts of the transmission line that the EMP induced currents are generated. The amount |
delivered to a particular pair of terminals depends on the length and height of these elements
as well as the magnitude, waveform, and angle of incidence of the EMP and the conductivity !
of the soil. In addition, the propagation characteristics of the transmission line and junctions
and bends in the vicinity of the terminals also influance the manner in which the induced
currants propagete to the terminals. Formulas for evaluating thase affects are contained in
thae following sections,

The common-mode currents and voltages induced in the horizontal conductors are
treated in Section 2.2 for long lines (extending from the terminals to infinity) and for lines
of tinlte length, The currents induced in the horizontal conductors usually have the largest
peak values and the longest durations because they can propagate in from great distances,
and for small angles of incidence of the EMP these currents can bulld up to large peak valuss
(of the order of 10 kA for the high altitude EMP).

The currents and voltages induced In the vertical elements ara treated in Section 2.3, ;"1

For poorly conducting soll, the current induced in vertical elements such as towars or
. ground wires on poles is smaller than that induced in the horizontal line (unless the tine is

very short), but for highly conducting soils, the peak currant induced in the vurtical element
may be comparable to that in the horizontal line. However, the latter result is bocause the
peak current in the horizontal line is smaller for highly conducting soils, rather than because
the current induced in the vertical element Is larger. The ; eak current induced ina 10m
high vertical element by the high altitude EMP is typically a few kA,

The propagation characteristics of transmission lines are treated in Saction 2.4,
‘ included in this section are the attanuation and phase factors for long, uniform lines over
L finitaly conducting soil and the etfects of bends junctions, line sag, end some other devia~
tions from the ideal transmission line. The topics discussed in this section are useful for
refining the estimates of induced current or voltage made from the formulas in Sections
22and 2.3

L e tm st e

49




-y

Differential coupling to transmission lines is treatod in Section 2.6. The differential
vnltage is the voltage induced between the wires of, say, a single-phase distribution line by
the EMP. This voltage is usually considerably smaller than the common mode voltage
induced between both conductors and ground. The differential voltage is often ot secondary

interest; howevor, it may be necessary for the evaluation of stress on insulators and metering

transformers,

Some general information on high-~voitage prope: tirs of insulators, lightning ar-
resters, and transmission |ine conductors is given in Section 2.68. These data are useful in
avaiuating the probable effects of the EMP induced voltages on ihe performance of these

transmission |ina componants,

22 COUPLING TO HORIZONTAL CONDUCTORS
2.21 SEMI-INFINITE LINE
2.2.1.1  General Approach

Common-mode (2ero sequence) coupling of a plana wave to above-ground
transmission fines has been analyzed by several methods.?~17 These include the solution of
the boundary~value problem for a cylinder over a plane,58 the solution for the scattering by
a conducting filament over a ground plane.g'14 and the solution for a transmission ling with
a distributed voltage source. 78 The transmission-line solution is the least complicated,
and it is quite accurate for EMP transients on power line conﬂgurations.7'8 The results
presanted hore will therefore be based primarily on the transmission-line approximation.

Two additional approximations considerably simplify the calculation of
tha current or voltage inducad on the line without much loss of accuracy, The first is the
assumption that the soil behaves as a good conductor (l.e,, 0 > w ¢) for all frequencias of
interest, The second [s that the rise time of the incident wave may be considered zero if It
is small compared to the round-trip propagation time between the wire and ground, The
latter approximation permits fast-rising two-exponential pulses to he treated as single-
exponential pulses, The assumption that the soil bsaves as a good conductor causes some
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distortion of the leading edge of the induced pulse after the ground-reflected wave returns,
but this distortion is often negligible — particularly if the pulse is filtered by the service

transtormers and low -voltage circuits before it reaches the customer's equipment.

The coordinate system used in the mathematical analysis of the transmis-
sion lines s illustrated in Figure 2-7. The angle of incidence of the wave is defined by an
azimuth angle v measured from the projection of the wire on the ground, and an elevation
angle ¥ measured from the horizontal ground plane.

2.2.1.2 General Analysis of Transmission-Linas

In the analysis of the coupling of electromagnetic waves to above-ground
transmission lines and similar structures, the source of the voltage that drives the line is
distributed along the length of the transmission line. In this section we will develap the
differential equations that describe transmission lines with distributed voltage sources, and
show general forms of the solutions to these differential equations,

A transmission line with a distrihuted source voltage Is, by definition, one
that has an increment of source voltage in each increment of line length. An element, dz in
length, of such a transmission line is illustrated in Figure 2-8. Except for the source labeled

CONDUGTOR

h

DIRECTION OF __

PROPAGATION I
> 7

Figure 2-7 COORDINATES DEFINING AZIMUTH AND ELEVATION ANGLES OF INCIDENCE
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Figurs 2-8 EQUIVALENT TRANSMISSION-LINE CIRCUIN

E; in Figure 2-8, this transmission line is identical to classical transmission lines, and the
techniques for determining the impedance per unit length Z and the admittance per unit
length Y are the same as for classical transmission lines, The source term has been labeled
E; because it has the units of electric field strength (V/m),

The coupling calgulations are based on the assumption that the height of
the horizontal conductor over ground can he considered small, in terms of wavelengths, so
that circuit analysis can be used. This assumption allows the low-fraquency characteristic
i impedance of the line to be used. In the circuit analysis, radiation from the line and the
uxistence of transmission modes other than the single simple TEM mode are also ignored.

i The differential squations for the voltage and current along the trans- "!
mission line of Figure 2-8 for harmonically varying signals (ei“’t) are

dVv
— = E, - 12 (2-1a)
dz
dl
— = -VY. (2-1b)
dz
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By differentiating one and substituting the other, the second-order differential equations

can be obtained:

d?v ) dE,

i — -tV = —— (2-2a)

: dz? dz

’

[ 2

£ d<l

g — -y = -YE, (2-2b)

: dz?

where v2 = 2Y, Except for the terms containing E;, Egs. (2-1) and 2-2) are identical to the

; eyuations for the more classical transmission-line formulation. The solutions to Eqs. (2-2)

] ared7?

l{z) = [K1 + P(z)]e"” +[K2 +Q(z)]e“" {2-3a)

: Viz) = Zu{[K1 + P(az)]e‘“’2 - [K2 + O(z)]e'“} (2-3b)

§; whare

.' : t

! P(2) = —--f g’V E,dv (2-4a)

] 22,/

P‘ 1

) = [ e B (2-4b)
2) = - ) Vo, -

’ 22(,1: !

K1 and Ky arg coefficients determined from the tarminating impedances 21 and Z3, at the
ends of the line at 2 = z, and 2 = 2, (2, > 2y), respactively, and 2, = /27Y as in conven-

tional transmission lines. Kq and Ky are constants yiven by

-y
ye, P2Plzale 2 - Qlz)e7*2

Ky = pqe ' (2-5a)
p¥l2a=2y) _ pwze-ﬂz,-z,)
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p1Qlzy)e"3" = Plza)e™ 741

Ko = ppe 1°2 (2-6b)
g l22=21) pwge'“”""
in which the reflection coefficients p, and p, are given by
21 -~ 2p 22 - 2o
—_ ‘2"6)

P~ 21 + 2p » P 22 + 2o
The electric field E,{v) in Egs. (2-4) is the ‘undisturbed*’ field that would exist at the wire
height if the wire were not there, This resuitant field Is written E‘z‘ (h, 2) below to indicate
that it is the z-component of the undistrubed field at haight h. For an incident field of

amplitude Ej, the resultant field is

Ej (h,2) = FEjekecosycorg (1 - Rve‘“‘zh""") sin Y cos (2-7a)

for a vertically polarized incident wave (magnetic vector parallel to the surface), and

E;’(h,z) = Eising (1 1 Hhe"m'“‘““‘) glkzcosgcosy (2-7b)

for a horizontaily polarized incident wave (electric vector paraiiel to the surface}. The phase
is referrad to the phasa of the incident wave at the wire helght when 2z = 0. In these expres-
sions k = wy/Hocy Is the propagation factor for the wave in free space, and Ry and Ry, are
the reflection factors for wave reflection at the air/earth intertace. These reflectinn factors

are given bvw"g

sin ¥ - e, (14 7%) - con?y

Rh - "2’85)
sin Y + \/e, (1 +]-°-£,) - cos?y
and
1+ 1) sin ¥ = /ey (1 +1L) - cos?y
(2-8b)

Rv"

c(1+ lsinw+\/(1+ )—cosw
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It i sionvenient to separate the term 1 + Re-lk2min ¥ Egs. (2-7) into
two parts — one yiven by 1-g71%2Min ¥ that depends on the line height and a phase-shifted
term given by e-/k2hsi ¥ (1 4 R) that depends on the properties of the soil. Here R =-R,

for vertical polarization and R = Ry for horizontal polarization. For o >> we sin? v, the
terms 1+ R reduce to

2sin

= (2-9a)
e,
' 2
.v 1-Ry = T (2-8b)
E A:;*; sin ¢

These expressions can be used to obtain two components of the resultant fleld EY (h,2)
from Eqs. (2-7) — one, depending on Ilnq height h, that would be obtained if the ground
were perfectly reflecting (IR | = 1), and one, depanding on the solil properties contained in
\ ' 1 4+ R, that is, in effect, a correction tarm to account for the fact that the ground is an

’ imperfect reflector of the incident wave, These two components can be used in Egs, (2.4),
and thence in Eqs. (2.3), to obtain two solutions for the current or voltage.

1+ Ry =

The approximations of line helght small compared to wavelength, negli-
gible radiation loss, and no non-TEM propagatiori mode have been demonstrated to intro- ]
T\ duce very small errcrs in the results computed with the transmission-line approximation :
‘ glven gbove. Figure 2-9, for example, shovis the current induced in an infinite line by a
stap function Eq u(t) of incident field calculated by the transmission-line method (dashed
curves) and by an exact methad {solid curves).5'? it is apparent from this illustration that

the transmission-line approximation Is a good approximation to the current induced in a
wire over a perfect ground plane even for the zero-rise-time step function. For realizable
finite-rise-time pulses, the difference batween the exact solution and the transmission-line
approximation is so small that it is difficult to detect experiinentally. The exact solution
does pr- vide interesting insight into the behavior of the scattered waves before the structure
"'sattlas down'' to behave as a transmission line. In Figure 2-8, for example, one can see the
discontinuity that occurs as the ground-reflecred wave arrives at (2h sin y/)/c, a second
discontinuity whan the scattered direct wews reflected from the ground returns at 2h/c, and
a third discontinuity whan the ground-tuflected wave scattered from the wire reflected back
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Figure 2-9 COMPARISON OF THE TRANSMISSION-LINE APPROXIMATION AND THE EXACT
SOLUTION FOR THE CURRENT IN A WIRE OVER A PERFECTLY CONDUCTING GROUND
PLANE — STEP-FUNCTION INCIDENT FIELD, HORIZONTALLY POLARIZED

from the ground arrives at {1 + sin ) 2h/c. Subsequent multiply-scattered waves have a

vary weak influence, but they evantually bring the axact late-time response into coincidence
with the transmission-line solution,

22.1.3 Open-Circult Voltage in the Frequency Domiain i

The open-circuit voltage developed at the end nf a semi-infinite trans- !
mission line of height h above a perfectly reflecting ground (|R| = 1) by a1 V/m plane |
incident wave is’

1- -lwig

Voo = CD{Y,p) — {2-10)
jw

b6
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where ¢ is the speed of light, w = 2=f is the radian frequency, to = (2h sin y)/c, and D{y,¢)
is a directivity function defined by

sin Y cos (vertical
polarization)

Dly,p) =-
9’-£+-€- - CO8 Y CO8 ¢

jw
(2-11)

sin ¢ (horizontal

a¢ LB _ cos v cos v polarization)
jw Kk

where « and  are the attenuation and phase factors for the transmission line (for perfect
conductors, = k and « = 0), Although «, 3, and k are in general frequency-dependent,

the value ot D(y,p) depends primarily on the angles of incidence, and it is almost independ-
ent of frequency for many power line configurations, Plots of the directivity functions are
shown in Figures 2-10 and 2-11 for §/k = 1 and for a/k negligible or constant. The assump-
tions that 3/k = 1 and «/k Is nagligible are valid for finite soil conductivity if h » & and the
angles of incidence Y and ¢ are large, For small angles of incidence, however, cos | cos ¢

- 1, and the assumption that 3 = k may cause an overestimate of D(y,¢), and thus of the
induced voltage and current, particularly at iow frequencies, The value of f/k for conductors
over soil are given in Section 2.4,1.

The correction that must be applied to V, to account for the imperfect
reflection from the soil when | R,y | # 1 and 0 >> we is

eﬂun

b}
- . __ {vaertical
av = ¢y/1y Dlvw siny /jw  Polarization)

(2-12)
-lwtg

i _ e {horizontal
c\/Te DIY.p) 2sin W\/E,- polarization)

where 1 = ¢o/0, 0 I8 the soit conductivity and ¢4 is the permittivity of frae space.

67

L L ettt o T e ok



e

O

f 240
' ~
270° feeo - ’
Lo
. DY - AN Y e0s ¥
: v 1 -cor \Vcon

afi |
{ ‘ 300 . |
? ' ‘5
X A
: !
b llﬂ
i
‘x‘ (s} DIRECTIVITY FUNCTION FOR VERTICAL POLARIZATION (& negligible) .i
g4’ 100°
"r'»..1
. XS
\
LN |
‘ |
A /™
SN\ V) |
, \-—& ‘ 180°
] 1 0
(b PATYERN FOH BIN YD, (V.00 AT ZERO AZIMUTHAL ANGLE

Figute 2-10 POWER-LINE DIRECTIVITY PATTERNS FOR VERTICAL POLARIZATION,
Sourca: Ref. 8,

b8




Py A ST

.0 _199; 180 T e e
1 : % sin @ ]

‘ : . S BOLE

\ 16 Dhl\b,.p) .. S . .o+ B e, i - cos @)

f ~ ' 1 - con ¢ cos v ' Kk

SR A
e B0

N\ s

(») DIRECTIVITY RUNCTION POR {6) DIRECTIVITY FUNCTION WITH
HORIZUNTAL POLARIZATION CONSTANY a/k, FOR  ~ 0 -
(¢v nagligible)

Figure 2-11  POWER-LINE DIRECTIVITY PATTERNS FOR HORIZONTAL POLARIZATION.
. Source: Retl. 8, : .

b
i

Tha total open-circuit voltage Is then”

- “'ku‘to

" “iwtg
1 .}
Voc ®* Vo + AV = ¢ Diy,¢) l—-—-};--— +23/7, (sin ) ! N ] (2-13)

where the exponent +1 is associated with horizontal polarization, and -1 Is associated with
vertical polarization. The voltage given by Eq. (2-13) is caused by the horizontal component
of the electric field. For vertical polarization, there is an additional component of voltage
produced by the vertical component of the electric field. This component is discussed in
Section 2.3, whare the voltage and current induced in the vertical elements of the transmis-
sion i:1e are discussed, Plots of the open-circult voltaye calculated from Eq. (2-13) are
shown in Figure 2-12 for vertical polarization and in Figure 2-13 for horizontal polarization,
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{ Figure 2-12 OPEN-CIRCUIT TERMINAL VOLTAGE INDUCED IN AN INFINITE TRANSMISSION
{ LINE BY A VERTICALLY POLARIZED INCIDENT FIELD OF 1 V/m

N The source impedance for the semi-infinite transmission line 15 simply its
characteristic Impedance 2y = «/ 2/Y. For typical power transmission-line contigurations,
this impedance deviatus very little from?0.21

| "o 2h
: 2y = — log = (h>>a) (2-14)
an ]

where a is the radius {or eftective radius) of the power conductors and 3, =\/L:/7c7(; is the
intrinsic impeadanca ot free space. The Thevenin equivalent circuit of the transmission line

is thus the open-circuit voltage given by Eq. (2-13) in series with 2,. The Norton equivalent
circuit is a current source Ve /2y in parallel wi.t 2.
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Figure 2-13
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2.2.1.4 Transient Waveforms for an Exponential Pulse

For an incident exponential pulse Eoe~''r whose Fourier transform is

— (2-16)
jw* 1/t

E(w) = Eu

the open-circuit valtage at the end of a semi-infinite line ls

[ 1-g vl y-lwto
Voclw) = Epe Diy,¢) | = + 2T (sin )Y - - (2-16)
oe 0 D) | T v VR i e i-1/r)}
From the inverse transforms,22 the voltage wave! m is
Voclt) = EoerDiy,¢) [1-¢YT) (0wt <ty)
L Ayt R
| « EqcrDiy,¢) {(a“’”—ﬂ eV __(_s_‘r%_)‘_ \/——Eo“"’
{2-17)
VVir
be e"zdu} (t i to)

whera t' » t +t,, and tp = (2h sin Y)/c, Tha first term in the braces in Eq. (2-17) is due to
tha geometry (ling height and angle of incidence) and is indupandent of the properties of the
soil, The second term contains the effect of the soll conductivity in ry = rg/u, as well as

yeometric eftects,

2.2.1.6 Parametric Variation of the Open-Circuit Voltage

The open-circuit voltage veelt) is plotted in Figure 2-14 for both polari-

zations with soll conductivity varying from 1073 1o = mho/m. The waveivrm for o = o
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Pigure 2-14  QPEN-CIRCUIT VOLTAGE AT THE END OF A SEMI-INFINITE LINE FOR
VARIOUS SOIL CONDUCTIVITIES, Source: Ref, 7,

(re = O) is produced by the first term of Eq, (2-17) alone. The deviations of the other
waveforms from that for o = = are caused by imperfect reflection of the incident wave by
the ground. The coupling caused by tha ground effect is larger than the coupling caused by
the line height for vertical polarization and soil conductivities less than 10~2 mho/m. Itis
also apparant that the ground-etfect coupling to vertical polarization is considerably greator
than the coupling to horizontal polarization, The differance is even greater than the wave-
forms in Figure 2-14 indicate bacause the directivity function D(y,p) is greater for vertical
’ polarization than for horizontal polarization,

T e g A e e e

the amplitude of the open-circuit voltage is normalized to D{y,¢). The values of D{y,y)
are shown for end-on incidence (¢ = 0} with vortical polarization and broadside incidence
(v = 80 deyrees) with horizontal polarization, although the results can be applied to any
azimuth angle of incidence . Howaver, bacause the ground-eftect term depends on

{
In Figure 2-14 and in other illustrations of induced waveforms that follow, }
|

a3




(sin y)*", as well as on D(y,y), the results shown are applicable to only the 30 degree
elevation angle of incidence.

The sffect of line height on the open-circuit voltage waveform is illustrated
in Figure 2-15, where the waveforms are plotted for vertical polarization incident on soil with
a conductivity of 10=2 mho/m. Also shown as dashed curves in Figure 2-156 are the wave-
forms with o = oo; only this partion of the waveforms is proportional to the line height. For
b the soil conductivity of 102 mho/m, the ground effect is larger than the height effect, and
changing the height of the line does not havs a large effact on the peak open-circuit voltage.

The effect of incident pulse duration (decay time ronstant) on the open-
circult voltage waveform Is illustrated in Figure 2-16, whare the optn-aircuiit voltage is

VERTICAL POLARIZATION (¥ - 0)
; D,30°, 0" - 3.73
.i.’
\ VEL ho 18 m B0~ T T
it Tt s
1: 1 - 30“
-
>
|
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3 }u 10°?
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:
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&
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- — N —
; S——pn T~
ST ——E) -
0
0 1078 2x 100
TIME ¥
Figure 2-18 OPEN-CIRCUIT VOLTAGE AT THE END OF A SEMI-INFINITE LINE FOR
VARIOUS LINE HEIGHTS, Source: Ref, 7.
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plotted for incident pulse decay time constants of 0.25, 0.6, and 1.0 us. As is apparent from
Eq. (2-17), the waveform for a given soil conductivity, line height, and angle of incidence
can be plotted as a function of a normalized time t/7, in which case the pulse decay time
constant r affects only the relative magnitudes of the two terms in braces in Eq. (2-17).
However, it is apparent in Figure 2-16 that the pulse duration affects both the peak voltage
and the time requirad to reach the peak value. The wider the pulse, the larger the peak
voltage because the wider the pulse, the longer the segment of line near the terminals over

which the ground effect is integrated. Note that for perfect ground {dashed curves in Figure

2-16) the pulsewidth has little effect on the peak voltage, and the open-circuit voltage
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Figure 2-18 OPEN-CIRCUIT VOLTAGE AT THE END OF A SEMI-INFINITE LINE FOR
VARIOUS INCIDENT PULSE DECAY TIME CONSTANTS. Source: Ref, 7,
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waveform is essentially the incident-field waveform except far the finite rise time ty =
(2h sin Y)/c.

in Figures 2-14, 2-15, and 2-16, the waveforms for vertical polarization
have been plotted for an elevation angle y = 30° and an azimuth angle v = 0°, while the
waveforms for the horizontally polarized incident wave in Figure 2-14 were plotted for
¥ = 30° and ¢ = 90° (broadside). In all three illustrations, it was assumed that a/k << 1 and
that a/k is not frequency-dependent. It is also important to recognize that changing the
angles of incidence in Eq. {2-13) affects the relative magnitude of the ground effect through
the (sin ) coefficient as well as affecting the diractivity function D(y,¢) and the delay
time tg. In effect, there are two diractivity functions — one for the response with perfact
ground, D(y,¢), and one for the correction term, (sin V1 D).

222 LINE OF FINITE LENGTH
2.2.2.1 Uniform Plane Wave

The open-circuit voltage induced at the tarminais of a horizontal trans-
mission line of a finite length & as lllustrated in Figure 2-17 by a uniform planc wave is8

Voclw) = Voelw) ‘[1 - g7 - lk')ﬂ] R &Q T — gty - ‘k'w]

Dy + m -
Tl >N O

D(y.¢)

(2-18)
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where V¢ o (W) i3 the voltage induced in a semi-infinite line, and
v = a+jwlc

k' =—‘é’-coswcos¢

-ZQ"‘ZO
PUSZ0 v 2,

The open-circuit voltage Voc = (w) for the semi-infinite line is given by Eq. (2-13), the
directivity functions D{y ) are given by Eq. (2-11), and the characteristic impadance 2, is
given by Eq. (2-14), The refiection factor oy at the end of the line opposite the terminals is
a function of the load impedance Z¢ at that end of the line (see Eq. (2-6) ).

When the line attenuation « is negligible, the axponential terms in Eq.
(2-18) become of the form exp [-jw{1- cos Y cos ) £/c] or exp [~jw 2%/c], which
transform into delays in the time domain. Thus the open-circuit voltage waveform of the
finite~length line is identical to that for the semi-infinite line until the first end-effect
arrives at (1 - cos | cas ) £/c. Between this time and 22/c, the wavefortn is that for the
semi-infinite line, modified by the factor -pp DR LT, Atter 20/c, the waveform
rapeats, as illustrated in Figure 2-18 whara the waveform for a line 1560 m long, open-
circuited at bath ends, and having negligible attenuation, is shown for an exponential pulse
of incident field, When the attenuation of the line is not naglected, the abrupt changes
shown in Figure 2-1B become more rounded, and the amplitude of the oscillations becomas
smaller with increasing time.
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Figure 2-17  TRANSMISSION LINE OF FINITE LENGTH
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The source impedance at the terininals of a line of finite length is

1+ pee~2rt
200) = 2, ——& . (2-18)
1 - Pqe-27Q

and the short-circuit current at the terminals is Iy {w) = Voelw) / 2(0), The open-circult
voltage given by Eq. (2-18) is only that part induced in the horizontal conductor by the
horizontal component of the incident slactric field, if a vertical element is included, the
vertical component of the electric field {in the case of a vertically polarized incident wave)
will induce a voltaye in this vartical element. The voltage induced in the vertical element is
discussed in Section 2.3,

TR T O EERTAAmEL TeTem
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I 22.2.2 Spherical Wave at Grazing Incidence ?
‘\ Consider u vertically polarized wave is Incident at ¢ = » = 0, as illustrated !
' in Figure 2- 19, where the EMP is generated by a surface burst on the transmission line (or
L an extansion of the line), Near the source point (in the close-in region), the radlation frorn
‘ the weapon will ionize the air sufficiently to cause it to behave as a conductor (o > wey), ""
g and further away (in the intermadiate region), the lonization will be weaker but still sufficient

i\ to produce significant attenuation of signals propagating away from the source an the line.

Here we discuss only the coupling that accurs outside these regions, where the EMP wave ‘
behaves as a vertically polarized wave propagating outward from the source at the speed of y
light.

The transmission-line axis is assumed to extend from the point 2¢ to the
terminals at 2, > 2, as illustrated in Figure 2-19. The wave in the alr is assumed to
propagate as though the ground were a perfect conductor so that E, = n,Hy, where n, 's the
intrinsic impedance of frea space, and Ex = (Eqe~%2)/z. Howaver, for a finitely conducting

ground there will be a z-component of the electric field at the surface whose valua is
Ex(0,2) = nHy(0,2), where 1 is the intrinsic impedance of the soil, and n >>n > 0,
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The horizontal component of the field at the wire height is’

n h \ Eoe™?
g, (hz2) = (—-—— - — (2-20)
N 2 7

where 3, = \/m andn= \/];m, It we neglect attenuation of the wave due to
losses to the ground, and apply a first-order correction to the fiald at the surface to obtain
the fiaic! at the wire height. (E, is the total verticel electric field, so that it corresponds to
2E, in lhe space-wave case discussed in Section 2,2.1,)

The open-circuit voitage induced at the terminals at 2 = z4 hy this
horizontal electri¢ tield is, trom Eq. (2-3),

Eoh2(0je”7*2 :0(7'“‘”2 ol7-Ik121 ;
V = N - + -~ “k
ool Z, 1, . [hno (- >]

(2-21)

29 aly-jklv
X [2 o’ dvl
2y v ’

where v, 2(0), and k are the propagation factor, the source impedance given by Eq, (2-19),
and the frea-space phase factor, respectivaly,

The coupling to the wire can be resolved into three componants according
to the nature of coupling: geometric, ground-effect, and phase-disparity, If the wire and
soil were perfect conductors, then n = 0 and vy = jk, and the open-circuit voltage on the wire
at 2, would be

Eo h2(0) ekta 4 4 1)(n )
Y B s et e i — iy — 0 2'22)
Vg(t?) ZD (Z: 2, y = ]k) (

The coupling In this case is the geometric component caused by the nonuniformity in the
magnitude of the incident electric field along the wire, which causes the potential at the
wire haight at 24 to diffar from the potential at the wire height at z,.
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if v = jk and n # 0, we obitain an additional ground-effect component

EonZ(0)  -jkz, 22
Vaulzg) = ——— e log— (2-23)

olly 2

which is caused by the finite conductivity of the soil (n = ﬁwplrr). This component is the
integral {between 2, and 29) of the z-component of the electric field induced in the finitely
conducting soil by the incident wave,

Finally, if 4 # |k, both the geometric component and the ground-field
component are modified, and a third component, caused by the disparity in the propagation
characteristics of the incident wave and the induced responses, is obtained. This phasa-
disparity component Is

Eoh 2(0) -y 2, oly-lK) v
Vylzg) = - Rkt (7'“‘)_/ 1 e v (2-24)
Zo 2, v

which exists only if there Is a disparity between the phase factors of the incident wave and
those of the transmission line,

For typical soil conductivities and line lengths, the geometric term given
by Eq. (2-22) is significant only at very low frequencies unless the line is very high or very
close to the source, and the phase-discrepancy term given by Eq. (2-24) is small compared
to the ground-effact term given by Eq. (2-23). The open-circuit voltage induced in the
transmission line by an exponential pulse (Ec,/z)e"/r is thus

v (2ol EoZ(0) | 20 1 > 1

Zy) ® og — w —

2 ZoVe, 2y jw +1 €Ty
T

(2-26)

E 22 | JViw 1
po ;0- VT, log=— e (w < )
o 2 {jw e

where 7g = €0/, when phase is referred to the terminals at z5.
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The voltage waveform s

EoZ(0) 2;
vizgt) = 2 — |ogg— e~ Y7 (t <°'r"e)

Eo2(0) [T 23 vr
~ — — log—[‘/ - 2eVr ! e“zdu] (t > e,r.)
. nr 24 t

{2-26)

for a zero-rise-time axponential pulse, For a two-exponential pulse with non-zero rise time,
the voltage waveform can be obtained by superposing two solutions such as in Eq, (2-26),

The waveforms for single and double exponential transient fields are shown in Figure 2-20

for & pulse decay time constant of 1 us and soll conductivities varying from 10~1 10 10™3
mho/m. The ling is assumed to be tarminated in its characteristic impedance at the end 24
opposite the terminals, For the two-exponential puisa (solid curves), the rise-time constant r,
is 4 ns, The early-time and late~time approxiiations, which do not meat at t = ¢,rq for the
iower conductivities, have been joined by a vertical line. The dashed curves are the zero rise
time (single exponentlal) tesponses.

The waveforms of Figure 2-18 are such short, high-amplitude pulses that
it was necessary to plot them on a log-log scale to view significant details, Note that the
peak value and the time to reach the peak value both increase as soil conductivity decreasas,
because the more poorly conducting soil behaves as a dielactric longer and supports a larger
z-camponent of electric fleld when it behaves as a conductor,

Comparison of Figures 2-20 and 2-14 shows that the peak voitagas obtsined
with end-on illumination of . semi-infinite line can be much greater than those obtained 'with
obligue illumination of a line of finite length. Although soma of the difference between
thess two cases can be attributed to the nonuniform illumination, most of it can be attributed
to the length of the line. On tha semi-infinite line, the peak voltage contains voltage that was
induced at a distance ctpi/(1 - cos ) away from the terminals. Tharefore, unless the
transmission line is straight and at least ctpk/(1 - cos ¥) long, the open-circuit voltage will
nover attain the peak value predicted for a semi~infinite line. One should therefora use
caution in appiying the currents and voltages predicted for semi-infinite lines with small
angles of incidence.
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223 RATE OF RISE OF THE OPEN-CIRCUIT VOLTAGE

The rate of rise of the line voltage is important in evaluating lightning arrester per-
formance and insulation flashover characteristics. For typical line heights such that the
transit time h/c is large compured to the rise time of the EMP and small compared to the
pulsewidth, the rate of rise of the voltage in response to a step-field is a useful measure of

the sarly-tima behavior of the line voltage. The open-circuit voltage induced at the end of
a semi-Infinite line by a step of incident field Eqult) is

Eigure 2-20 OPEN-CIRCUIT VOLTAGE AT THE TERMINALS OF A LINE 1000 m LONG
AND 1000 m FROM THE SOURCE WITH 1 V/m INCIDENT ON THE END NEAREST THE
SOURCE (Zg 300 §2, 29 = 1000 m, 23 = 2000 m, exponential pulse}). Source: Ref. 7.




where t, = (2h sin ¢)/c. Att=t,, the reflection of the incident wave from the ground
returns to the wire and the form of the voltage changes. At this time, however, the open-
circuit voltage for small v and ¢ (where D{y,¢) is large) can already be 2E,h, which, for
typical EMP field strengths and line heights, is of the order of 1 MV, The time required to
reach this voltage is to for a zero-rise-time step function; for a finite-rise-time EMP, how-
ever, the minimum rise time is the rise time 7, of the EMP. The maximum rate of rise of the
open-circuit voltage is therefore

Av 2E°h

—— X

At

(r,>t) | (2-28)

f

ForEgo=5X 104 V/m, h = 10 m, and 7, = 10 ns, the maximum rate of risa is 100 kV/ns,
This rate of rise occurs for either horizontal or vertical polarization for grazing, end-on
incidence on a semi-infinita low-loss transmission line. (For vertical polarization, the
maximum net voltage between the end af the horizontal conductor and the top of the
vertical element betwaen the ground and the horizontal conductor at t = tg is 2Eyh; for
horizontal polarization the total voltage of the horizontal conductor is ZEgh and none is
induced in the vertical element.)

For angles of incidence such that 7, < (2h sin V)/c, the rate of rise of the open
circulit voltage is

A
"Z:_' Eoc DlVyg) (r<t<ty) | . (2-20)

wheie D(y,9) is given by Eq. (2-11), For Eg = 5 X 10% V/m, Av/At ~ 16 D(y,0) kV/ns.
Figure 2-21 shows, for various constant values of a/k, plots of Av/At with vertical polariza-
tion incident at an azimuth angle of » = 0, where D(J,p) I8 maximum (dashed curves) and
with horlzontal polarization incident at ¢ = y, where D{y,») is maxirmum (solid curves}, As
is apparent in Figure 2-21 the rate of rise of the open-circuit voltage is strongly dependent
on angle of incidence, with the values approaching 100 kV/ns accurring only for small angels
angles of incidence.
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Figure 2-21 RATE OF RISE OF THE OPEN-CIRCUIT VOLTAGE AT THE TERMINALS
OF A SEMI-INFINITE LINE

Although the initial rate of rise of the voltage is not dependent on the lungth of the
ling, the time that this rata of rise lasts and the final voltage obtained are dependent on lino
length, For aline of finite length {, theraforg, the rate of rise EqcD () lasts only for a time

ty = \(1 - cosy cos ¢l/c {2-30)
and the maximum voltage obtained with this rate of rise is

e = Eal X f sin v cos ¢ | (vertical polarization)
(814 4]

\sin g f (horizontal polarizatior ) (2-31)
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100 T ] if t1 <to. If this open-circuit voltage is quite
N small, the rate of rise may not be important
- even though it is quite large. Note that the
60 ] open-circuit voltage is smallest for the angles
E of incidence that produce the largest rate of
: :l - rise. Figure 2-22 shows the minimum length
. [
£ ] of time raquired to develop 100 kV at the
%- g 20 = small angles of incidence before and-effeuts
‘\ 3 alter the rate of rise (assuming t1 << tg). In
g 2 . ,
p - Flgure 2-22, ¢ = O and ¢ is varied for vertical
‘[“ 10 b= - polarization, and v I8 varied for horizontal
: -~ , . polarization {l.e., the angle of incidenca is ¥
[‘ = Zhaan W -
: - fh = 10 m)\_,— 4 for vertical polarization and ¢ for horizontal
i 3 - l < polarization),
0 10 20
' ANGLE OF INCIDENCE -~ duy
It should be emphasized that the rates
\ Pigure 2-22 MINIMUM LENGTH OF of rise given hy Eqs. (2-28) through (2-31) ure
LINE REQUIRED TO OBTAIN AN o
OPEN-CIRCUIT VOLTAGE OF 100 kV rates of rise of the open«circuit voltage at the
WITH 60-kVim FIELD INCIDENT AT end of 4 long line. The actual ratw of rise across

SMALL ANGLE )
the terminals of distribution transformers ot [

across the potheads is much smaller. For
axample, the maximum rate of rise of tha voltage acrosy the 60 pF hushing capacitances of
three delta~connected trunsformers supplicad from a4 300 ohm line s

2E,! 2X5 X104 X 10
:‘}S‘% P ol L. Z-wa,_ﬁg...__.ﬁ S 11 RVINS
2,C 300 X6 X50X10°

for B, = & X 109 V/mund h ~ 19m, For the same conditions, the rate of rise of the volt-
age across three 20-ohm shiagldad cables would be

o . )
2Bch | Zasd | 2XEX0AXIQ, 208 . L0400 !

av , ) . 3 __
At T Pyt 2acin 10"“ 300 + 20/3

Thus the maximum rate of rise of the voltuge actuaslly opplied to enquipment terminaly is of
the order of 10 kV/ns,
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23  RESPONSE OF A VERTICAL ELEMENT

23.1 CURRENT AT TOP OF VERTICAL ELEMENT

Vertical elements such as ground wires and service-entrance conduits also interact
with the incident wave and therefore have current induced in them, Because only the
vertically polarized wave has a component of alectric field in the vertical direction, the
vertical elements actively interact with only the vertically polarized wave; for horizontally
polarizad waves, the vertical elements behave as passive impedances with doelay times
assoclated with their langth, The vertical element Is considered to be & biconic transmission
line with its uppar and terminated in its characteristic impedance and its lower end short-
circuited to the ground (see Figure 2-23). Thae current induced in the vertical element
opposes the current induced in the horizontal conductor when lp | < /2 and aids It when
lgi>> n/2, Since the coupling to the horizontal conductor is greatest for lpl <n/2 - when
D(y,p) is large - the current induced in the vartical element tends to reduce the maximum
currant calculated for the horizontal conductor alane.

For a vertically polarizad wave incidant at an slevation angle ¢ on a vertical element
of height h, the current at the top of a lossiess vertical element will be’8

y
——
=

{u) {b)

Figure 2-23 VERTICAL FLEMENT AT THE END OF A TRANSMISSION LINE
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’jw-ggﬂ tosin y‘z)‘l

Epccos y 1 [1-e
H{h,w) = nmaiibe
220 jw 1 +sin w
o2 . 2h (2-32)
L —in ~j i ——
8 €, - € ¢ 1
+ ,
1 -giny jw + 1/

for an exponential pulse Eoe“/’ and a semi-infinite horizontal line. In the exprassion
above, the ground is assumad to be a perfact conductor, and 24 I8 the characteristic im-
pudancae of the biconic transmission line given by19

No 2h
2o =~ |pg— (2--33)
2n a

wliere a Is the radius of the riser and h Is its height, Note that 2, for the vertical element is
essentially the same as the characteristic impedance of the horizontal conductor of radius a
and height b, The waveform uf the current st the top of the vertical element is7+8

| EycTcos v 1 L “{t =11 )/
ith,t) = - 22, ‘31_”“‘\0[(1*9 t”)t:ao ’(1 TR r)t:vn]

(2-34)

1 -(1- “{ b=t
e [0 ) oy o),

where tq = 2h/c (1 + 5in ¥}, ty = (2h/c)sin §, and t3 = 2h/c.

®or a vertically polarized wave at graziag incidence ( = 0),

Eacr |
ith,t) = —;—-—[(1 - e"/") 0 - (1 " e—(t-!:})/f) t>t3] . (2-36'
o]
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The source impedance of the vertical element viewed from the top and terminated in soil at
the base is

Zh) = 2y———— (2-36)

where p  is the reflection coefficient at the base and losses in the vertical element are
negligible. For many power-system applications it can be assumed that the soil is a perfect
conductor, for which p, = -1. (For the impedance of ground rods, see Section 2.3.6.) The
open-circuit voltage developed at the top of the vertical vlement is

Voc(h) = |{h) [Z(h) + ZQJ (2’37)
and the shart-circuit current is

oty =2 20 0 (2-38)

wlhl == 5 ' )

A nlot of the short-circuit current at the top of a 10-m-high element that is ter-
minated  :he base by extending the conductor 2 m into the soil is shown in Figure 2-24,
The base resistance was calculated from £q. (2-50) with¢{=2m, o = 10~2 mho/m, and
a =2 mm (81 mils). The short-circuit current shown in Figure 2-23 is for a uniform

incident field of 1 V/m at all frequencies, rather than for the rxponential pulse spectrum.

Plots of the current waveform are shown in Figure 2-25 for = 0 and ¢ = 30° for
an incident exponential pulse with a decay time constant 7 = 1 us and a riser height h = 10 m,
The waveforms for these two angles of incidence are guite similar, but the teading edge of
the waveform for {» = 30° is more complex because of the difference in the time of arrival

of the upward and downward traveling current waves induced by the direct and ground-
reflected electric-field waves.

It is noted that the current given hare is that induced in the vertical element only;
this current must be added to any current induced in the horizontal line with proper regard
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Figure 2-24 SHORT-CIRCUIT CURRENT AT TOP OF LOSSLESS VERTICAL ELEMENT
TERMINATED IN SOIL AT THE BASE !
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Figure 2-26 CURRENT DELIVERED TO A MATCHED LEAD AT THE TOP OF A VERTICAL
RISER BY A VERTICALLY POLARIZED INCIDENT WAVE. Source: Retf. 7.
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for sign. The direction of pasitive current in the vertical element is toward the top, while
the direction of positive current assumed for the horizontal conductor in Section 2.2 is
toward the terminals. Also note that the total source impedance at the top of the vertical
element is the sum of the impedance of the vertical element and that of the horizontal line.
Thus, for a semi-infinite horizontal line, the total source impedance is 2o + Z(h) between
terminals at the top of the vertica! elements,

23.2 CURRENT AT BASE OF VERTICAL ELEMENT

The short-circuit current induced at the base of a vertical element by a vertically
polarized wave incident at an elevation angle Y is” .8

. (D - Lo (R vt
(00l = 222V g [ 1 - ) 1 -G )
wdo

1 -siny T +3iny
)
x.._

jw + 1/t

for an exponential pulse Eoe'”’. In this expression, it is assumed that the ground behaves
as & perfect conductor, the vertical elemant is terminated in its characteristic impedance at

(2-39)

th top (a matched or semi-infinite horizontal line), and the attenuation of the vertical
glement is negligible. The meanings of the symbols are the same as in Eq. {2-32), and
to = (2h sin Y)/c.

The waveform of the short-circuit current at the base of the vertical element is

EoCT CcOS Y 1 - e*'t'/r 1 - e*t'/T
Im(o:t) = [ + -
2o 1 ~siny 1 +siny | ¢

>0

M - e (U - t1)/r:' [1 _ gt - m/r]
l_ 1 -~ siny >t 1+ siny >ty

-~

(2-40)
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where t' = t - t,/2 =t - (h sin y)/c, t4 =%-—t?°, and tp =-:— + % . Time and phase are
referred to the top of the element, so that the time t and the phase in the frequency domaln
used here are consistent with those used for the horizontal lines in Section 2.2 and the
vartical element in Section 2.3.1. Plots of the short-circuit current are shawn in Figure 2-26

for an elevation angle of incidence Y = 30° and \ = 0° (grazing incidence).

The source impedance observed from the base of the element is the characteristic
impedance 2o, and the open-circuit voltage at the base is |5:(0) Z,. It is noted that I4(0)
is the short-circuit current generated in the vertical elemant only; the component of current
or voltage induced in the horizontal conductor as given in Section 2.2 must be auJded to these
these components from the vertical element to obtain the total current or voltage, It is also
noted that the current in the vertical element is positive when it flows toward the top of the
element (see Figure 2-23),

0.04

0.02

0.2 04 0.6 08 1.0
[IME — - Us

Figure 2-28 SHORT-CIRCUIT CURRENT INDUCED AT THE BASE OF A VERTICAL RISER
BY A VERTICALLY POLARIZED INCIDENT WAVE
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2.3.3 COMPARISON OF VOLTAGE IN VERTICAL AND HORIZONTAL
ELEMENTS

To illustrate the relative magnitudes of the voltages induced in the horizontal line
and the vertical element, the maximum open-circuit voltage induced in the semi-infinite
horizontal line by a unit step incident field is

vge (t') = 8h (t >"é!')

(2-41)
(v=Q

for a perfectly conducting ground and a vertically polarized wave incident at y = ¢ = 0°,

The maximum open-circuit voltage induced at the bass of the vertical element under these
conditions is

Vo (t) = -2h (Ehf) (0t rl;—)
h (2-42)
= -2h (t ;a-c-)
and it Is of the opposite pularity,
The total voltage at the base of the vertical element is, therefore,
voe () = 20 (Z) (0 <t==)
h (2-43)

The individual camponents and the total voltage waveforms are shown in Figure 2-27, The
yoltage induced in the vertical element causes a negative response for a time h/c and reduces
the final value of the step-function rasponse of the horizontal line by a factor of 2.0 when
the soil is a parfect conductor. |f the soil is a poor conductor, however, the peak voltage is
much greater than 4h (see Figure 2- 14} but the peak voltage induced in tha vertical element
is changed only slightly. Therefore for very long horizontal conductors over average or

poorly conducting soil, the effect of tha voltage induced in the vertical element is relatively
less important,

83




234 GENERAL ANALYSIS OF VERTICAL ELEMENTS

The cases given in Sections 2.3.1 and 2.3.2 are generally of widest use in analyzing
power systems. For certain special applications, however, more general formulas may be
required, The general solutions for the current and voltage at any distance x from the base,
from which Eqs. {2-32) and (2-39) were obtained, are

1 = [Ky * Plxlle™ + [Kg + Qlx)]eTX  (2-44a)
Vix) = Zo {I[Ky + P(x)]e™¥* - [Kz + Q(x)]e?*} (2-44b)
o g

I: |E| - u“)
/

HORIZONTAL LINE

& p- -P-—------—-——--——-------‘

"

' TOTAL

o]

< 2h =

g —
| g
| 5 np
: g
| 2 . T | A
- g T 1 J 1 1 1
| 2h  3h  4n Bh 8h  7h &k

[+ [+ [ [+ c [ [
~h TiIME

VERTICAL ELEMENT
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«2h

Figure 2-27 OPEN-CIRCUIT VOLTAGE INDUCED AT THE BASE OF VERTICAL ELEMENT
BY A UNIT STEP INCIDENT WAVE
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where

Y "/E_Y- Zo -'s./:YZ

: . (2-45a)
P(x) = =— Ex (vie?Vdv
(x) 220‘/; x
1 h
Qix) = -2-2-:[ Eyx (v)e™"Vdv (2-45b)

o, Plhle™7" - Q(0)e"
Ki = pg (2-464a)
e - p, p, &N

p,Q10) - P(h)
K2 = py 6"V — (2-46b)
e - oy pp @

210 - Zo (2-47a)
Po " "2100 + 2o ~a/e
2(h) - 2, i
Pp Z(h) + Zo (2- )

and where 2 is the series impedance per unit length of the bicanic transmission line, v is its
shunt admittanc; per un't length, Z(0) is the terminating impedance at the base (x = 0), and
2(h) is the terminating Impedance at the top (x = h), Sufficient accuracy for many engineer-
ing applications is obtained by letting

n 2h 2h
Zo = — log — = 60 log — (2-48a)
2n a a
w
Y = jwy/loko = l-c- (2-48b)
86

S




o e T e i e

T i e

T

where ¢ is the speed of light (3 X 108 m/s) a is the radius of the vertical element, and h is
its height. The current I{x) is positive when it flows in the positive x-direction, and the
voltage V(x) is positive when the vertical element is positive with respect to the ground plane.

The formulas above can be used to calculate the current or voltage at any point
0 < x < h for arbitrary terminal impedances Z(0) (see Section 2.3.6) at the base and Z(h) at
the top, and for arbitrary field Ex(x) incident on the vertical element. For a uniform
vertically polarized plane wave incident at an elevation angle ¥, the electric field is?+7:8

Exi{x) = Ejcos y (1 + Rye )2k sin¥yg-ik(h=x) sin ¢ (2-48)

where E| is the magnitude of the incident electric field, k = w+/UgCe , and Ry Is the reflac-
tion factor at tha air/earth interface given by Eq. (2-8b).

236 IMPEDANCE OF A GROUND ROD

The surge impedance of a single, sliort ground rod of radius a driven into the ground
a depth € as (llustrated in Figure 2-28 Is

25 (o > we)
2(0) = «~—— Iog[-— - j1 (¥ << 8) (2-60)
¢ To® (¢ >> a)
where ¢ is the soil conductivity, y, = 1.781 ..., and & Is the skin depth in the soil given by
! 7
= (Mo = 4r X 1077} | (2-51)

H m
V' rfugu

The log term in the axpression for impedance is usually of the order of 10, as is illustrated
in Figure 2-29, so that the surge impecdance is predominantly resistive and relatively
independent of frequency. This impedance formula is based on the transmissian-line mode!
of the buried conductor. This impedance may be used for Z(0) in Section 2.3.4 for the
terminating impedance at the base of a vertical element.
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Figure 2-28 ILLUSTRATION OF A
VERTICAL GROUND ROD OF
CIRCULAR CROSS SECTION
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Figure 2-29 VARIATION OF LOG W28 /100) WITH FREQUENCY AND CONDUCTOR MADILS.
{Note that a factor of 10 in conductor radius produces thu sams atfect as a factor of 100 in soil
conductivity.)
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The dc resistance of a yro'ind rod is23

1 4¢
R = [log-— - 1] (¢L>>a) (2-62)
2n.l a

_ Plots of the dc resistance of a ground rod as a function of length are given in Fiyure 2-30.

23.8 RESPONSE OF HORIZONTAL CONDUCTOR WITH VERTICAL RISERS

The effect of the vertical elements {risers) on the finite-length horizontal conductor
(see Figure 2-31) is to add additional length to the line at each end for either polarization,
and to also add additional current to the system for vertical polarization. The frequency-
domain solution is obtained by considering the risers as passive loads on the horizontal
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Figure 2-30 VARIATION OF dc REFISTANCE OF VERTICAL GROUND ROD WITH
LENGTH Source: Ref. 23.
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Figurs 2-31 TRANSMISSION LINE TERMINATED WITH VERTICAL RISERS AT BOTH ENDS

conductor, with impedances 21 and 23. For perfectly conducting ground, these imped-
ances are:

1+ pﬁe'hh
2y = 2o} —————— (2-63a)
1 - pﬁ&'hh
and
1+ p'23'27h
22 = 2, (2-63b)
L1 - ppe?rh

where p) 8nd p; are the reflection coefficients at the base of the risers. The reflection
coetticlents o, and p, in Eqs. (2-6) are then given by

[)] = p‘19-27h ‘2"545)

py = phe2Th | (2-54b)
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Thus, in Egs. (2-6), the term p1p2e‘27” becoines p) p'.‘,e‘i”(“?"’. When these quantitios
are substituted into Eqj. {2-3a), the expression for the horizontal conductor with passive

risers becomes:8

E; sin ¢ (1 + Rpe-i2khsiny)

H(h,0) = (1 - phe~27h)
22, P2
[y _ o=y -jkcosy cosg )¢ : - al7+Ikcosy cosp} ¥
X 1-¢ + pae-htﬂh)_,_ i ‘2"55)
L v - jk cos  ¢cos ¢ ¥+ Jk cos  cos p

-
x |14 p'iptze-h(vﬂh) + (p3p§)29-4‘7(9+2h) +. ]

e

Note that the effect of these substitutions has been to inject the 24h phase shifts at the
proper point to account for the round-trip propagation times of the vertical risers.

For a vertically polarized incident wave the current induced in the risers by the
vertical companent of the electric field must be superimposed on that induced in the
horizontal conductor by the hourizontal component of the tield. For an incident signal, the
current at the top of the riser at z = 0 can be shown to be:

Ej cos y e lkhiny 1~ pye2rih+i)
ta(h,0) =
22, e7'1[1 'P'ap'ze'm:hm:l
+ksinyg )h {y-iksiny)h _
Jahrhangih -1 | g eV - (2-56)
| v+iksiny y =k sin y
o~ ty-lkainy)h _ g-lytiksingh 4 ‘
+ 07 + Ry :
vy - jksiny v+ jk sin Y ‘

The form of the current 14 {h,~t} at the top of the riser at 2 = -{ is the same as in
Eaq. (2-56),(with py and o} interchanged), but it contains a phase factor elk ¢coveosy 1o
account for the phase difference between the wave at (h,-{) and the wave at (h,0). This
current must be tronsferred to the other end of the horizontal conductor before it is
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combined with i2{h,0) and I(h,0), given by Egs. (2-65) and (2-56), respectively. The current
at (h,0), induced in the riser at z = -, will be

-jkhsin ¢ - nta-27h
11(h,0) = Eicosye glk tcosy cosy “ P2® )
22, g7 (h+d) [ ' - p',pée"”""*“’]
‘e(yﬂkunW)h -1 A al7=lksin¥)h _ 4 (257
+ -
| v+iksiny Y ow-jksiny )

a-(7=lksiny )h _ 4 e-(y-lksiny }h _ 4 '
+ 0y + Ry R
v-jksiny v+iksiny ’

The total current at (h,0) from the horizontal conductor and the two risers is than

1tth,0) = Hh,0) + 11th,0) = 12(h,0) (2-58)

in which 12(h,0) carries a negative sign because of the convention for the direction of
positive current in tha risers, The current at (h,0) produced by sach element, and the total
current caused by all three slements, are plotted in Fiyure 2-32 for an Incident step function
Eoult) that is vertically polarized. The earlier conditions that v = jk, o}y = py=-1, o=y~

) 30°, Ry = 1, and ¢ = 2h are assumed, and only the first cycle of the response is plotted. .
" From Figure 2-32 it is apparent that the current inducad in the risers is considerably greater !
than that induced in the horizontal conductor, and even though the currents oppose each
other, the net current is considerably larger than that induced in the horizontal conductor

by the vertically polarized wave. Notice that the vertical scale in Figure 2-32(a) is twice as 4
large as the scale used in Figures 2-32(b), (c}, and (d). '

23.7 PERIODICALLY GROUNDED LINE

Consider e pariodically grounded line as shown in Figure 2-33(a) with a hseight h and
i a spacing between vertical ground Ieads of {. The line extends to infinity at the left, and we

will assume that v and 2, are the same for the vertical leads and the horizontal conductors.
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We wish to determine the Norton equivalent current source represented by the semi-infinite
periodically grounded line to the left of the terminals.

in Figure 2-33(b) the right--hand loop formed by the last two ground leads and the
horizontal conductor between them is redrawn, and in Figure 2-33{(c) the pertinent admit-
tance and transmission-line lengths required to obtain the source admittance are shown. The
source admittance looking into the terminals in Figure 2-33(c) is Y, In series with Y, where
Y, is the input admittance at the ground lead and Y_ is the input admittance of the trans-
mission line of length £ terminated in Y, + Y. If Yo = 1/2, is the characteristic admittance
of the vertical and horizontal conductors (with ground as the second conductor in each case),
the impedance Y, of the ground lead is

- =2 h
Y 1 Pqe
YR =—— ’ (2-58)
Yo 14 pge'27h

where Py is the reflection coefficient at the bass of the ground lead given by

ZQ'ZQ

B —— 2-30
2 T % (2- 50)

Py

where Zg is the impedance of the ground connection at the base of the ground lead.

The admittance Yp at the tarminals is given by

Yo 1 - pett
Y om——P (2-81)

where p is the reflection coefficient at the left end of the circuit of Figure 2-33(c). It is
given by

Yo - (Ye + VY 1 -1{YL + YR)
Yo + (Ye + Yy 1+ (YL + YR)

p {2-62)
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Substituting this value into the expression for Y gives

1 - e 2% 4 (14727 (YL +YR)
YL = (2-83)
1+ e27% 4 (1-e27%) (Y +YR)

which can be solved for Y to give

1 1 1+e278
) ' (2-84)

YR
Y = — -1*V/1+4( + ——
2 YR2 YR1_0-27Q

The positive sign is evidently the corract choice if realizable admittances are to be obtainaed.
The total source admittance at the terminals is then

YLYR . Y

B r—————— ] em——— 2"65
YL + YR Yo ( )

Yn

Consider now the circult of Figure 2-33(d) which shnows the equivalent sources of
the last two ground wires |, and {1 and of the transmission line to the left of the second
pround wire | 1. Supponse we replace the ground wire on the right by a perfect short circuit.
Then the short-circuit current at the terminals will consist of the current Jslivered by the
sources ({1 and |1 through the length £ of line plus the short-circuit current Iy induced by
the incident wave in the langth £ of horizontal line. The current delivered to the left end of
the circuit by the sources |1 and Iy is

Y

H~-2) = (g + 1) ———re 2-66
(=2) = (Ipg + 1y Yt vty { )

whaere Y| is the input admittance ot the transmission line of length £ that is short-circuited
at its terminals. That is,

1+e7274
Y, = Yo ——— (2-87)
1-e°27¢
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The short-circuit current I at the terminals is

2e "X
I = () ——————+ |y (2-68)

1+e°27¢

which is obtained by transforming the current 1(-£) to the right end of the line and adding to
it the current Iy induced in the line by the incident wave. Now because the line is semi-
infinite in length, the current | differs from the current I 1 only by the phase of the inci-
dent wave srriving at the terminals relative to its phase at the next-to-the-lest ground wire.
Simitarly, |, and Iy differ only by this phase. Thus,

T

lf'l - |‘,e‘79' n 're‘Yﬂ cos Y cos y
(2-69)
Il = (e

and

S i . . e o
T T I T T A T R S R S T e+ e

‘ e) = (1 4 1T e
LT ey,

(2-70)

Substituting this value into the above expression for | glves

Y| 25_7(Q - Q‘)
L= (I +1y) + g (2-71)
Ye+Ye+Yi 94 o274

which can be solved for i to obtain

Y 2700
g+ 1y
| YR+ YY) 142X
L Yi 29-‘7(Q _ Q" ' (2“72)

1=
Yo+ Ye+ Yy 4290




If we now recall that the right-hand ground lead has finite admittance Y, and a
source |, we can combine these with | and its source admittance Yy to cbtain the short-
circuit lg at the terminals:

'LYr - |r YQ

lyc = 2-73)
e Yo + Y, (

L

The Norton equivalent source that replaces the periodically grounded !ine to the left of the
terminals is then the cutrent Iy, of Eq. (2-73) with a shunt admittance Y given by Eq.
(2-65), The current sources l¢ and |, are obtained from the analysis of horizontal and
vertical conductors of finite length, The current l¢ is the short~circuit current induced in a
horizontal line of length € terminated in a short circuit at the right end (2 = 0) and
terminated in the impedance 1/(Yy + Y,) at its left end {z = - €}, I¢ can be obtained from
Eq. {2-18) by multiplying Voc(w) by Yy, The current |, is the short-circuit current at the
top of a vertical conductor of height h that is terminated in an impedance 24 at its base

{x = 0). The current |, is given by Eqs. (2-38) and (2-32) when Z(h) = 1/Y,. The impedance
Z, may be calculated from Eq. (2-50).

The magnitude of the open-circuit voltage induced in one horizontal segment is
shown in Figure 2-34 for 1 V/m incident at 30° elevation and 0° azimuth angles. Note that
at low frequencies, the open-circuit voltage is roughly 2E4h, if E, is the magnitude of the
incicdent field, Peaks and valleys associated with the resonant lengths and with the line
height are also evident.

The short-circuit current and source admittance at the end of the semi-infinite,
periodically grounded line are shown in Figure 2-36. Again the periodicities of the segment
length and line height are evident, but these are commingled in such a way that it is more
difficult to relate cause and effect. It is apparent, however, that the source admittance Is
between a few tenths of a mho and a few mhos. Therefore, the periodically grounded line
does have a low source impedance compared to the ungrounded line. In addition, a com-
parison of the magnitude of the short-circuit current with that of an ungrounded line
(e.g., the open-circuit voltage of Figure 2-12 divided by a characteristic impedance of a
few hundred ohms) indicates that the mean currents are of similar magnitudes to within a
faciur of 2 or 3, The peak short-circuit currents of the periodicaily grounded line are
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Figure 2-34 OPEN-CIRCUIT VOLTAGE AT TERMINALS OF FINITE HORIZONTAL
TRANSMISSION LINE

considerably larger than the mean, however, so that selected frequencies in the pulse spectrum
will be more strongly coupled to the periodicaliy grounded fine,

J
i
'

24  TRANSMISSION PROPERTIES OF POWER LINES
241 ATTENUATION AND PHASE CHARACTERISTICS

The propagation of a signal along a wire over earth of finite conductivity has been
nalyzed by Sunde.23 The propagation constant v is given by

v = Jk Hijw) = « + |8 (2-74)
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where k = w/c is the free-space propagation constant, c is the velocity of light in vacuum,
and H{jw) is a function that contains the earth and the line parameters. The function H{jw)

is given by

h -1 1 + (jwr )1/2 1/2
Hijw) = [1 + (Iogi-) (log dedll + ! ) . (2-75)
a ljwrn) /2 ljwr,) 112

For most cases of interest the second term on the right is small compared to 1 so that

1+ {joory) /2 1
—) e

h
Hjw) = 1+1/2 (log-g—)“ (log
a (joorn)1/2 (jwry) /2

where T = poh? 7, ® uoje?
h [}

and h is the line height over ground, a is the line radius, u is the permeability, o is the soil

conductivity, and o; is the wire conductivity. The terms/jwr), and \/jwr. may be
recognized as complex and related to the line height h and conductor radius a normalized to

the appropriate skin depth, since

h #
Viwry "-6-(1 +}}, B = soil skin depth = (—O-Jg—a>"“ (2-77a)
WHO|
Viwr, '%(1 +J), & = wireskin depth = (-——2—>‘”? (2-77b)
i

The values of r\, are plotted as a function of soil conductivity and line height in Figure 2-386.

if the completa expression for v is manipulated to extract the attenuation and phase
conatants separately, rather simple exprassions result whan the wire loss is neglected:

I
o [‘“" K 2h/6] (2-78a)
k 2h

2 log --a-
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I 1 112
B ‘og [‘ Yhe t 2(h/5)7]
T . (2-78b)

2!092—:

, The attenuation constant o calculated from Eq. (2-78a) Is shown in Figure 2-37 as
a function of frequency for various values of the time constant 7, = 4 ch?, and the normal-
ized attenuation constant and phase constant are shown in Figure 2-38. For a typical soil
conductivity (o = 10°2 mho/m) and line height (h = 10m) the value of 71 is about 10-8

{see Figure 2-38), 50 that 8/k and a/k

104 are not strongly dependent on frequency.
! The asymptotic behavior of o
{ o when h/§ is very small and very large
compared to 1 illustratas how the line
and soil parameters affect the early- and
10‘5 late-time solutions, When h/8 << 1, the
] inverse tangent term reaches a constant
L ‘i‘ value of #/4, Therefore
! N
io 1077 km
A e o= 5 (2-79)
\ 8 |09-a— 7
1078 i
for late times (low fraquencies). For this
condition, « is independent of ¢ and only
10°® weakly dependent on h through the log
/ 2h/a term; « is linearly dependent on
fraquency.
yo-10 .
1074 103 10 10-! When h/6 >> 1, the inverse tan- :
80IL CONDUCTIVITY, 0 — mho/m gent term reaches 1/{2h/8) so that !
Figure 2-368 TIME CONSTANT 1 AS A "
FUNCTION OF SOIL CONDUCTIVITY o= —_— (2-80)
AND LINE HEIGHT h 4h/5 '09_2_;2
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for early times (high frequencies). Under these conditions o varies with =12 and with £'/2,
In addition, « is inversely proportional to h when the variation of log 2h/a Is neglected.

A good analytic approximation for all frequencles is

82X 1079 ¢
« = nepers/m. (2-81)

Iog%?‘H +1.47 h/b)
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The step-function response of a line has also been calculated by Sunde. Although
there is no closed-form solution for all times, an analytic solution may ke found for both
early times and late times, where the distinction between early and late times depends on
the value of h/§8. If h/6 => 1, the early-time solution is appropriate; if n/6 << 1, the late-

time solution is appropriate.

For early times, the current at a point z down the line normalized to the current at
2=0is

, | 2h
LI [exp (-j—tsi)] o exp [@ 2 (20\/'-’; log —;)"} (2-82)

10,0)

where

AL
MR

For most cases, 7, >> 7, so that 7, = r,. The transform of this expression for
current when a step function of current is introduced at 2 =0 is

I{z,t) 2h
o) erfc [z (4\/1‘1 ct,'2 |og—a->"] (2-83)

for early times, where erfc (2) = complementary error function of z, and 1; = t - 2/c.

For late times the normalized current in the frequency domain is

z,w) jwz

jwz 2 )
- 1+ log {j - — . 2-84
10,w) = P o [ 4c |oggg(°g ljewr) m :l ( )
a
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The time-domain sclution with step-function input is

l(z,t) n

a
oL " (2-85)
4ct, Iog—?

; for late times.

For many cases 2(t;/mr,) /2 << 1, which further simplifies the solution. Note that
for late times the response is independent of the value of soil conductivity and only weakly
dependent on the height above ground through the logarithmic term in h/a. This contrasts
with the early-time solution, which is a function of both o and h.

3 Figure 2-39 shows the wave front of a unit.step function after it has traveled a dis-
' tance of 10 km (6.2 miles) along conductors of 1 mm and 1 ¢m radii, when the earth
conductivity is 102 mho/m.
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Figurs 2-39 WAVE FRONT OF UNIT STEP CURRENT AFTER PROPAGATION FOR A
DISTANCE OF 10 km (6.2 miles) ALONG COPPER CONDUCTORS OF 1 mm AND 1 cm 4
RADIUS, Soil conductivity = 10-2 mho/m, Height on conductor, h = 10 m. Source: \
Ref, 23, !
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Figure 2-40 shows the wave front for various s0il conductivities for a conductor of
1 mm radius. The curves show that, for perfectly conducting soil, the wave-front distortion
due to the conductor resistance is small compared to that resulting from the finite con-
ductivity of the soil.

24.2 JUNCTIONS IN TRANSMISSION LINES

When a transmission line branches into two lines or when a spur ling is connected to
a main line, an obvious discontinuity in high-frequency characteristics of the line is formed.
The feed line and the two branches may be treated as transmission lines having individual
characteristic impedances {which may be equal if the line heights and sffective radii are the
same) and propagation factors. Near the junction, however, there will be mutual coupling
among the three lines, The treatment of transmission-line currents and voltages in the
vicinity of branches or junctions has been analyzed for junctions forming tees and crossas by
King24 for the case where the line height Is small compared to a wavelength. No theoreticul
analysis Is available for the power-line EMP case where line height is greater than one wave-
length; however, experimental determination of the reflection and transmission characteristics
of symmetrical junctions have baen made.’
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For a symmetrical wye junction, such as that illustrated in Figure 2-41, of a long
feed line with two long branch lines, the branch lines can be considered as two loads of
impedance Z, in parallel at the end of the feed line if mutual coupling is neglected. The
current reflection coefficient and current transmission coefficient are then

Irat Zo -2
P Be——=
line 25 +2,
‘ {(2-86a)
‘ ]
= ":'3"‘ (ZL = 20/2)
" lyans 220
T, = =
v : line 2o+ 2L
’ (2-86b)

: 4
' ‘ = ":'3" (ZL = 20/2)

PR

SalCHr caad

Figure 2-41 SYMMETRICAL JUNCTION IN A TRANSMISSION LINE
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where 7, indicates the total current transmitted to both branches. The characteristic imped-

ance is, approximately,

where h is the line haight and a is the effective radius of the line for common-mode (zero
sequence) propagation. The load impedance Z(, represented by the two branch lines in
parallel is 2,/2 if the lines are very long (in comparison to the pulsewidth cr) or are termin-
ated in their characteristic |~ .adance. For the symmatrical junction, therefore, 2/3 of the
incident current is transmitted to each branch line, |f h and a are different for each line, the
{ load impedance will be Z = Z51202/(261 + Zo2), Where Z51 and 2,7 are the characteristic
impedances of the individual branch lines, and ti.e total transmitted current will be divided
between the branch lines accordingly. '

e s

The effect of mutual coupling between the branch lines of a symmetrical wye
junction can be estimated from the characteristic impedance of two wires over ground given

T R TR T

|.’ bv21 ]
: o ol 20 (202 12
| Zo = o log[ - (1 +( d)) (h>> a) (2-87)

where h is the height of the lines, a is thelr effective radius, and d is the spacing between
‘ conductors {see Figure 2-42), Note that when the lines are very far apart {d >> 2h), the
' common-mode impedance of the two-wire line is half that of an Isolated single-wire line,

whereas when the lines are very close together (d = a), the common-mode iImpedance
approaches that of isolated single-wire line.

The reflected and transmittad signals have been measured at symmetrical junctions .
on scale models.” Tha line configuration and results are shown in Figure 2-43. The line 1
height used was 40 ft, or six times the equivalent length of the rise time (Lgq = c7y, ).

If two lines forming a symmetrical junction are considered as two lines of character- 1
istic impedance Z, in paralliel and fed by a single input ling of Z,, then the reflection coeffi- :
cient would be 0.33 and the transmission cuefficient would be 0.667 at the junction. These

108




[ ]
o

d values are indicated in Figure 2-43. The
C‘B experimental resuits shaw that this model

] accurately reflects the interaction at the
h

—.I

junction when the junction angle is large.
However, when the angle is small, the junc-
tion lines are more tightly coupled to each
//‘ other, making the nat impedance closer to
Zo. This reduces the reflection and transg-~

Figure 2-42 TWO-CONDUCTO! TRANS- : : : .
MISSION LINE OVER GROUND PLANE mission coefficients, The reflection coeffi
{common-mode excitation) clent is shown in Figure 2-43 for early

times (~20 ns) and for |ate times (~170 ns).
At early times the reflection coefficient is much lower than would be expected from the
uncoupled branch lines of characteristic impedance Z5. In the limit as 0 = 0, the value of
Z, bayond the junction almost equals the value of 2, for the input line, resulting inonly a
very small reflection. This is shown as the dashed portion of the early-time curve from
0 =0°to 0 = 22.6°, It is apparent, however, that the assumption that the branch lines
behave as independent isclated linas gives a good approximation to the reflectad and trans-
mitted currents if the branch angle is of the order of 90° or greater.

243 BENDS {N POWER LINES

Tha signals coupled to the power lines will not always propagate straight to the load.
In this section, theoretical and experimental results for propagation of signals around bencs
are presented. Analysis is usually restricted to the case where the line height is small com-
parad to the wavelength. However, experimental measurements have been made to see if
significant deviations from theory could be found when the line height was comparable to
the wavelength,

King has treated a simple bend in a two-wire line when gh << 1 using the geometry
shown in Figure 2-44,2% His analysis shows that the bend has the effect of lowering the
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The valuec of Liw) and Clw) are
3 - Ho
_ Liw) = '5' (K~ Fq(w) + Falw) cos 0} (2-88a)
T
27
Ciw) = (2-88b)
K - Fylw) + Falw)

where
(2-89)

2h
K = 2log—
a
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w +\/w2 + (2h)!

F‘(w) = |°g (2‘908'
W+\/‘W! +a!
Folwl | wcos @) +/w +(2h)! (2-50b)
2{w) = log -
w cos ) +,/w! +az
{2a < 2h << ¢/f)

L T SRS T s s

and w is the distance from the bend.

: Because the characteristic
1 impedance Z, =/L{w)/Clw) and

E - W the propagation factor y = m
F Q depend on the inductance and capa-

5 b citance per unit length, both are

| ‘(T affacted by the changes in L and C

in the vicinity of a bend. Power
lines do not meet the criterion that
2h << ¢/f for all frequencies of
Figure 2-44 TWO-WIRE LINE WITH A BEND interest in the EMP spectrum; how-
ever, measurements were made of

the peak reflaction coefficient using scale models of power-line configurations and scaled
expanential pulses, The peak current reflection coefficient for a line 20 ft high and 0.2 inch
in diameter with a 6-ns-rise-time pulse is shown in Figure 2-45 as a function of bend

angles.7 The measurad peak reflection coefficient computed using the low-frequency
capacitance and inductance varies with bend angle in Figure 2-45. The experimental data 1
indicate reflection coefficients slightly larger than those predicted using the static theory, but
for bend angles less than 90° the reflection s srnall in either case.

The perturbance due to the bend is time-dependent. The values shown in Figure
2-45 are peak values. Generally the effect of bend has relaxed within a few tens of ns (or
equivalently, a few line heights). This result is consistent with King's analysis, which shows
that the effacts on L(w) and C{w) are strong only near the junction. At later times — or
longer wavelangths — the strong offects near the junction are smoothed, since perturbances
that extend over only a small fraction of a wavelength cannot be resolved.

m
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Figure 2-45 COMPARISON OF CALCULATED AND MEASURED REFLECTION COEFFICIENTS
OF A BEND AS A FUNCTION OF BEND ANGLE, Source: Ret. 7.
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Scale-model measurements have been made for a single wire line 20 ft and 40 ft above
ground for a range of bend angles from 0° to 167.6°. A step-function signal with rise time
of ahout 8 ns was fed onto the line. The refiection and transmission coefficients for these
two line heights are shown in Figure 2-46, where it is apparent that the effect of line height
is quita small,

The effect of radius of curvature on the reflection coefficiant was also briefly inves-
tigated using scale modelis.” The results are shown in Figure 2-47. The refliaction coefficient
decreases monotonically as the radius of curvature Is increased.

244 OTHER EFFECTS

There are many deviations from the circular cylinder over a piane, uniformly 1
conducting ground assumed in the analysis of coupling to, and propagation along,
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Figure 2-48 REFLECTION AND TRANSMISSION COEFFICIENT OF A BEND IN A

SINGLE-WIRE LINE OVER GROUND AS A FUNCTION OF BEND ANGLE,

Ref, 7.

Source:

power lines. These deviations may be classified as scatterers or variations in line

height:

(1) Scatterars

Poles or towers
Trees and other ground foliage
Buildings, bridges, and other structures

Cliffs, ravinas, and mountains (with lines in shadows)
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Figure 2-47 REFLECTION COEFFICIENT FOR A 80° BEND AS A FUNCTION OF RADIUS
QF CURVATURE, Source: Ref. 7,

(2) Variations in line height
® Line sug between poles
¢ Undulating terrain
¢ Agrial ground wires

® Communications cables on shared poles.

The effect of such deviations from the abstract model is almost always to reduce the signal
delivered to the power consumaer’s terminals. The scatterers reduce the excitation field at the
power conductors, and the variation In line height produces multiple reflections of the current
and volitage propagating along the line so that line losses are larger than those predicted for a
uniform transmission line, One can conceive of resonances in the power line matching
resonances in tha consumer'’s low-voltage circuits to produce an enhanced overall EMP
response; however, it is expected that the occurrence of such a situation in practice would be
rather rare, particularly in view of the fact that resonances in wire-over-soil transmission

lines tend to he rather weak.
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An indication of the effect of variations in line height can be obhtained from the vari-
ation in the characteristic impedancs caused by line sag shown in Figure 2-48. For this
example a line 10 m high at the crossarms sags to 6 m high midway between poles 100 m
apart. The average height of the line is 6.66 m, at which height the characteristic impedance

; is 300 ohms. The characteristic impedance varies from 326 ohms at the poles to 284 ohms
at the midpoint, The reflection coefficiant associated with these extremes is only 0.07;
s therefore the effect of line height variations is relatively small unless the induced signal prop-
r agates over great distances,
; ' T 1 | l I T T T |
8)  LINE HEIGHT N ]
AVERAGE » 666 m n !
8.0 ’
E y k
| - - - - cmas—— o oy
£ 80 -
p. 5t 4
']
z | J
-l
20 p— el
- -
0 | ] | 1 | 4 | 1 | i
330 T T 1 1 l 1 T !
E {s) CHARACTERIATIC IMPEDANCE !
| a » 0,088 m :
, 320
~N
g
Z a0
Q
g
2
o 300
7
[+4
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<
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Figure 2-48 VARIATION IN CHARACTERISTIC IMPEDANCE CAUSED BY LINE SAG
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26 DIFFERENTIAL COUPLING TO HORIZONTAL CONDUCTORS

25.1 WIRES IN A HORIZONTAL PLANE

For two conductors separated by a distance d and at a height h above ground as
illustrated in Figura 2-49 the ditferential-mode current and voltage induced by a plane wave
can be determined by an analysis very similar to that used for the common-mode current
and voltage.26 The differential equations of the current and voltage are

oV avt
— + 2l = E} (hd2) - E‘l‘ {h,0,2) + —— (2-91a)
0z dz

al
-— YV = yyu (2-91h)
a2

where E} (x,y,2) is the component of the tesultant electric field paraliel to the wire and at

the wire location but in the absence of the wire, Z and Y are the impedance and admittance
per unit length of the two-wire line, and VY is given by

d

VU= - [ Eylhyazidy . (2-92)
0
The second-order differential equations are
d2
— - %) = - Y[EY(hd,2) - EY(h,0,2)] (2-93a)
de?
d?v
— - YV - Yz (2-93b)
dz?
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where v =/ZY and Z; is the internal
impedance of the conductors (if
finitely conducting wires are as-
sumed), The form of the field

E} (h,0,2) 1s identical to that given

in Eq. (2-7) for the common-mode
analysis, The field E} (h,d,z) differs

Figurs 2-49 GEOMETRY OF TWO-WIRE TRANS- from E; (h,0,2) by a phase term:
MISSION LINE FOR DIFFERENTIAL-COUPLING
ANALYSIS

EY(h,d,z) = EY(h,0,2) ek’ (2-94)

where d' = d sin v cos Y. The driving field in brackats in Eq. (2-93a) can thus be expressed
as

]

EYhda) - E4h0a) = Eif30%} e ke (14 ek (ohd'on) (208

whare the upper trigonometric function (sin ) applies to horizontal polarization and the
lowar applies to vertical polarization. The primed quantities are 2’ = z cos  cos ¢, h' = h
sin y, and d' = d sin v cos |, and R is the appropriate reflection factor for horizontal or
vertical polarization, The solutions for tha differentlal current are, therefore, identical to
those for the common-mode current given In Section 2.2.2 multiplled by the term
(a"““'-—n if Zo and v for the two-wire line are used instead of the corresponding quantities
for the single wire over ground. |f ground effects and losses in the wire are neglected, Z,
and v are

d
Zo ~ = log — y x ko= (2-96)
b4 a Cc

for the two-wire line.
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Separating the current into the part that would exist for a perfectly reflecting
ground and the part caused by a finitely conducting soil, the open-circuit voltage at the
terminals of a semi-infinite line due to E‘l‘ is, in the frequency domain,

—elw2nle {perfect around)

Veolw) = V@ {w) = Ejc D(WM)T; giwd’eq) (2-97a)
- (grrund effect

AlV-VY) = Eic D{y,¢) 2\/-’7;“‘“ w)te‘]w% fc (eiwd'/C-H (2-09n7|;;

whaen all attenuation factors are negligible. The + axponent applies to horizontal polarization,
the - to vertical polarization, and D{y,¢) and 7, are defined in Section 2.2.3. The spactral
magnitudes shown in Figures 2-12 and 2-13 are thus applicable to the differential-mode
voltages also If the spectra are multiplied by e/®d7€_1, which can be written

elwd/e_1 m 2jelwd/2e gin (yd'/2c = 2 sin wd'/2c iwd'/?c +§ . (2-88)

Tha open-circuit voltage VY caused by the y-component of the field is given by
Eq. (2-92) with

EU(hy,2) = Ej {fg:‘n‘Pw i v} ke’ (1 4 Ro-Ik2h') glky cos ¥ sin ¢ (2-99)

where the upper trigonometric function applies to horizontal polarization and the lower
applies to vertical polarization of the incident field. The open-circuit voltage VY{w) pro-
duced by the y-component of the field is then

1-g~ jw2h'e . (perfect ground)
Vi {w) = <Eje Dy(y,v) “]: (alwde_1) b (3—1%?)8)
" g lwah'lc (giwdie_q) (ground effect
AV w) = ~Eic 2/7, Dyly,y) (sin )* ' ——— only)
©2V7% Do Vie (2-100b)
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where the + exponent applies to horizontal polarization, the — exponent applies to vertinal
polarization, and

0s
Duly,p) = -———-i—- (horizontal polarization)
cos  siny
sin ¢ sin
= - —-——f—ﬁ (vertical polarization) . (2:101)
cos ' siny

The appatent pales In Dy (y,¢) at = 1/2 and ¢ = 0 do not affect the solution because

i glwd/c_q

m_ﬂ_ —_— = jwd/e . (2-102)
v - 7 cos ysing
-0

Note that the form of VY (w) is the sama as that of V(w) - VY(w) except for Dy (y,¢), so
that the spectra and waveforms far V¥ and V - VY are similar.

Because e/~9¢ and 1 transform into time delays in the time domasir, the time-
domain responses are also similar to those obtained for the commnn-mode voltages, |f
ve (t) is the common-mode voltage, the differential-mode voltage due to EY Is

vit) ~ v(t) = velt+d'/c) (-d'/e<t<0)

{2-103)
= velt+d'/c)=velt) (t20)
and the total voltage caused by the 2 and y components of the ‘ncident field is
vit) = (1 -Dy/D)vglt+d'/e) (-d'/c<t<0)
(2-104)

= (1 -Dy/D) [veit+d'/c) -~ velt)]  (t»0)
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When « = 0 and ¥ = jk, the coefficients (1 - D,,/D) become

COS Y - COS ¢ . o
(1 -~D,/D}) = ———— (horizontal polarization)

sin? P Ccos
(2-106)

(vertical polarization)
€08 | COS ¢

Because the term 8l«’d/c_1 places a “window”’ on the leading edge of the voltage
waveform v¢(t), and because the voltage vg{t) continues to increase long after the ground-
reflected wave arrives at the wires, the maximum differential voltage depends not only on
the directivity function (1 - Dy/D), but also on the width d'/c of the window. For linearly
increasing voltage, which is a yood approximation to the early-time behavior of the voltage
and current, the maximum voltage will be obtained when d'(1 - D,,/D) Is maximum,. This
product is

d'(1 - Dy/D) = df’-"—’-%nlff’if (horizontal polarization)
Y (2-108)
= dtany {vertical polarization)

The maximum open-circuit voitage will therefore occur when ¢ = 0 for horizontal polariza-

tiun and when ¢ = 7/2 for vertical polarization. (Attenuation of the line will prevent the
product from going to infinity as ¢ = 0, 7/2).

A typical waveform for the open-circuit differential voltage at the end of a semi-
infinite two-wire line 10 m high with 2.-m spacing between the wires is shown in Figure
2-50. The waveform is shown for a horizontally polarized incident exponential pulse with
perfectly conducting ground (dashed curve) and for ground of average conductivity (10~2
mho/m) {solid curve). From a comparison of the differential voltage waveform of Figure
2-50 with the cotiimon-mode waveform of Figure 2-14 {for o = 10°2, horizontal polariza-

tion) it is seen that the peak voltage in the differantial mode is only about one-seventh the
peak common-mode voltage, and the duration of differential-mode voltage pulse is only
about 30 ns, compared with a duration of a tew microseconus for the common-mode
voltage.
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Figure 2-80 OPEN=CIRCUIT, DIFFERENTIAL VOLTAGE INDUCED IN A SEMI-INFINITE X .:
TWO-WIRE LINE BY AN EXPONENTIAL PULSE (wires in a horizontal plana) : 1

For a three-wire line with the wires equally spaced in a horizontal plane, a similar
voltage waveform would be obtained between the middle wire and the third wire at y = -d.
This voltage would be of opposite polarity and shifted by d’/c to the right of t = 0, however.
The voltage between the two outer lines would thus be approximately twice as large as the
voltage between the middle wire and either outer wire, and the time to reach the peak value
would be 2d'/c.

o

25.2 WIRES IN A VERTICAL PLANE

If the two-wire line lies in a vertical plane as illustrated in Figure 2-61, the analysis
Is quite similar to that for the wires in a horizontal plane except that the form of V' and E}
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are different, The voitage VY exists only for vertical polarization if the wires are in a vertical
plane, and its value is

¥
PSS ST S

———

h+d
VY= - ! Ex(x,0,2) dx

(2-107)
(elwde_1q) [1 + Rve~ku(2h'+d')/c]

joo

= ~Ejccot y

where d’ = d sin y and h' = h sin .

The horizontal electric field terms on the right side of Eq. (2-86) are replaced by

Ez(h+d,0,2) - Ez(h,0,2) = E|l:t‘s$ ain g | € (k1)
(2-108)

X {1 - Re~kizn's]
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where the upper trigonometric function (sin y) applies to horizontal polarization and the
lower function applies to vartical polarization. When this expression for the field is used and
the solution to the differential equations is separated into that part obtained with a perfectly

conducting ground and that part caused by the ground alone, the apen-circuit differential
voltage for a semi-infinite line is

1 + g-kel(2h'+d)c ‘ (perfect
Veolw) - V& {w) = EjcD(y,p) = (ekwd'/e_q) ground)
o (2-109a)
ot {ground
~ko(2h'+d')c
AV =~ V¥) = -EieD(y,0) (1 +R) l-?- (elwdlre) effet
ot (2-108b)
where
2/Jwr,
1+R ~ ——iT (vertical polarization)
sin

& 28in w\/iwre (horizontal polarization) .

The expression for VY for the differential voltage produced by the vertical component of the
incident field can be similarly separated to give (for vertical polarization only)

1 = e-lw(@h'+d)fe
Vei{w) = -Eiccot ¥

(ewd’/e_q) (perfect ground)

jw (2-110a)
e'i“(?h'+d')/c .)- ‘ground

AVY = —Ejccot ¢ (1 + Ry)— (elwd/e_1) effect only)
jw (2-110b)

where 1 + Ry » 2, In all of these expressions, the phase is referred to the phase of the
incident wave at the end of the lower wire.

The combination of the voltages induced by E; and Ex is somewhat more complicated

for the case when the wires lie in the vertical plane because of the difference in sign of the
term exp [~jw(2h'+d')/c] in the exprassions for VY and V (w) - VY (w). This is a problem
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for vertical polarization only, however, because VY = 0 for horizontal polarization. Note
that the term {1 + exp (~jw (2h'+d'}/c]} in Eq. (2-109) transforms into the sum of two
responses, one starting at t = 0 and the second starting at t = (2h'+d’)/c. When the wires
were in a horizontal plane, on the other hand, the negative sign of the exponential term made
the second (delayed) response virtually cancel the late~time part of the first response.

The open-circuit differential voltage induced at the terminals of a semi-infinite two-
wire line with one wire 2 m above the other is shown in Figure 2-562. With perfectly conduct-
ing ground and vertical polarization the voltage builds up In two steps (dashed curve) to a
level similar to that shown in Figure 2-50 for horizontal polarization incident on wires in a
horizontal plane. With finitely conducting ground, however, the ground effact reduces the
level of the second step as iliustrated by the solid curve of Figure 2-62. The late-time
response also pérsim much longer for vertical polarization incident on wires in a vertical
plane because of the lower reflection coefficient of the soll for vertical polarization, Com-
parison of the differential-mode voltage of Figure 2-52 with the common-mode voltage of
Figure 2-14 indicates that the peak differential-mode voltage is a factor 10 or more smaller
than the peak common-mode voltage.
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Figurs 2-62 OPEN-CIRCUIT DIFFERENTIAL-VOLTAGE WAVEFORM INDUCED IN A SEMI-
INFINITE, TWO-WIRE LINE BY AN EXPONENTIAL PULSE (wires in a vertical plane)
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25.3 MODE CONVERSION AT THE LOAD

In addition to directly induced differential-mode currents in the power lines,
differential-mode currents can be developed from the common-mode currents by unbalanced
terminations, Consider, for example, a parfectly balanced tour-wire transmission line with a
common-mode voltage induced on it. As illustrated in Figure 2-563, the lines are represented
by their Thevenin equivalent voltage source Vo and equal characteristic impedances 24, and
mutual coupling between the lines will be neglected for simplicity. The unbalanced loads
Z, at the terminals cause unbalanced currents || to flow in the individual conductots. The
relative magnitudes of the currents are

. i=1,23 (2-111)
la 2o+ 2, e )

and for a balanced three-phase, 4-wire system in which |y = |3 = |3, the currenis in the
phase conductors would be approximately equal, while the current in the neutral might be
significantly differant from the phase-conductor currents, It is apparent that if 2, is com-
parable to Z,, the differential current 31; - 14 = 14(31;/14=1) created by the asymmetrical
load operating on the common-mode current can be significantly larger than the differential
current induced directly by the incidant wave.
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Figure 2-83 ASYMMETRICAL LOAD ON A FOUR-WIRE LINE WITH A COMMON-MODE
VOLTAGE
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28  HIGH-VOLTAGE PROPERTIES OF TRANSMISSION-LINE COMPONENTS

26.1 GENERAL

The analysis of interastion of the EMP with power lines indicates that very large
voltages (several megavolts) may be induced between the line and ground. However, as
indicated In Table 2-2, subtransmission and distribution lines are not designed to sustain
such voltages. As a result, it can by expected that the EMP-induced voltages may be limited
by insulation breakdown or flashover or cause activation of lightning arrestars. Insulation
breakdown, in the form of line insulator flashover or corona from the conductors may occur,
but little is known about the behavior of these mechanisms for very large rates of rise of the
conductor voltage. Fortunately, the very large voltages occur near the ends of the lines where
protective devices such as lightning arresters may be installed. Limited data are available on
the tiring characteristic of distribution-type lightning arrasters with large rates of rise. In
this section, the high-voltage properties of line insulators, lightning arresters, and conductors

are reviewed,

Table 2-2

TENTATIVE AIEE STANDARD ON INSULATION TESTS FOR OUTDOOR

AlIR SWITCHES, INSULATOR UNITS, AND BUS SUPPORTS

Withstand Voltage (kV)
Voltage Low Freg. Low Freq. Impulse
Rating 1 Min, 10 Sec. 1.6X40 Full Wave
(kV) (Dry) (Wet) (Pos. or Neg.)
75 36 30 96
15 50 45 110
23 70 60 160
345 95 80 200
46 120 100 280
6¢e 176 145 360
92 225 180 460
186 280 230 560
138 336 278 650
161 385 316 750
196 465 3856 800
230 546 445 1060
287 680 558 1300
346 810 666 16560
Source: Ref.1.
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28.2 INSULATOR FLASHOVER CHARACTERISTICS

As implied in Table 2-2, insulators used in transmission and distribution systems can
withstand an "“impulse’’ voltage of 3 to 12 times the line voltage (with the higher multiples
applying to the lower line-voltage ratings.) These ratings presumably apply to the ‘new-
equipment’’ state, so that deterioration in service may reduce these insulation limits. Fur-
thermore, t18 actual voltage the insulator can withstand depends on the polarity and the rate
of rise or duration of the transient applied voltage. Because insulation flashover invaives the
formation of long (at least several inches) spark discharge channels, the arc formation time is
significant in determining the magnitude and duration of tha transient volitage that can be
sustained without a high current discharge. In addition, because the spark formation in air
is basically an electron avalanching process, in a nonuniform fisld, the breakdown conditions
are quite diffarent when the wire is positive from when It is nepative.

The "impulse’ flushover charactaristics of some Insulators in the 7.6-t0-89 kV class
are shown in Figure 2-64 for positive and negative voltage applied to the top of the insulator,
These insulators display the typicel characteristics of lower positiva-voltage flashover thresh-
olds and sharply increasing flashover voltage with increasing rate of rise of the voltage. These
data are for the commonly used ‘‘Impulse’’ that reaches its peak in 1.6 us and decays to half
its peak value in 40 us. Flashover data are not available for applied voltage with rise times
(or times to filashover) less than about 0.26 us.

Figure 2-55 shows similar data (plotted in a different form) for strings of suspension
insulatort.

Insulator flashover voltage also depends somewhat on altitude (or baromeatric pres-
sure) and temparature, but the dependance on these parametars is relatively unimportant
from an EMP point of view {the altitude dependence may be significant for lines In high
mountainous regiori:, however), Contamination and adverse weather effects cause deviations
from the flashover characteristics at standard air conditions shown in Figures 2-54 and
2-656, These deviations are likely to be more important and less predictable than those
caused by variations in temperature or by normal fluctuations in surface barometric
pressure,
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STANDARD AIR CONDITIONS. Source: Ref. 1.
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263 LIGHTNING-ARRESTER FIRING CHARACTERISTICS

The propertius of commercial lightning arresters used in transmission and distribution
systems are usually not specified for very-fast rising pulses, since the transients produced by
lightning usaually have rise timus greater than 1 us. Typical firing characteristics of lina and
distribution lightning arresters are shown in Figure 2-56. Thesu data indicate that the firing
voltaye increases 10 to 16% above the de slow pulse) firing voltage if the time to fire is
shortened to 260 ns. '3 Further reductions in time-to-fire will cuertainly be accompanied by
further increases in firing voltage,

The time-to-fire and the firing voltage of the 8-kV distribution lightning arresters
used to protect the transformers are plotted in Figure 2-67.28 The maximum rate of rise of
the voltage applied across the lightning arresters was 2.6 kV/ns, or about 26 times faster than
that normally specified for 9-kV arresters. With this rate of rise (also plotted in Figure 2-68),
the firing voltaye was 100 kV, or about 2,6 times the static firing threshold, and the time-to-

fire was only 40 ns.
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Figure 2-87 9-kV-DISTRIBUTION LIGHTNING-ARRESTER FIRING CHARACTERISTICS FOR
FAST RATES OF RISE, Sources: Refs, 2 and 3,

The trend of increasing firing voltage with Increasing rate of rise of the upplied volt-
age is typical of spark -discharge devices and insulation flushover. Because lightning arrester
firing and line ingulator, transformer, ot pothead bushing flashover involve similar air break-
down procausses, it is expected that the lightning arrester that Is designed to protect these
components for slowly rising transients wil also protect them for fast-rising trangients, |f
solid or liquid insulation is protected by the lightning arrester, however, this generalization
may not be valid because the temporal characteristics of solid or liquid breakdown may he
different from those of air.

284 CORONA THRESHOLD OF CONDUCTORS

Even withou. lightning-arrester breakdown or insulation flashover, there is a high-
voltage limit imposed by the dielectric strength of the air about the power conductors. When
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the electric-field strength at the surface of the conductor exceeds 3 X 10° v/m, the air will
break down and a corona discharge or arc leader will form. The field strength at the surface
of a round wire at a helght h, of radius a, and at a voltage V relative to ground is

v

(2-112)
2h
a Iog—a—

A piot of the static voltage V required to produce the corona-threshold field strength at the
surface of the wire 10 m above the ground is plotted in Figure 2-68 as a function of wire
radius, Since most distribution-line conductors are 1 cm or less in diameter, It is apparent
from Figure 2-68 that the corona-threshold voltage of these conductors will be less than
260 kV.

If the transmission line is made up of three or more conductors, as I8 usually the case,
the field strength at the surface of individual wires will be less, for a given potential, than for
a single wire, This decrease in surface field strength or increase in corona~threshold voltage
can, at the most, be in proportion to the number of wires, but it is usually considerably
less. For three wires on a horizontal cross-arm, the corona-thrashold potential of the two
outer wiras will be anly slightly greater than the threshold potential of a single wire of the
same size, but the threshold potential of the middie wire will be significantly higher because
it is shialded by the outer wires, (Note that the surfacae field strength doas not dacrease in
proportion to the increase in effective radius for a multiple-conductor system; the effective
radius for the purposes of computing common-mode capacitance and inductance per unit
length may increase by a factor of 100 if three cordiietors spaced a meter apart are used, but
the conductor surface over which the charge Is ‘' istributed has increased by only a factor of
3 over that of a single conductor,)

Corona losses on transmission lines have the effect of distorting the leading edge and
limiting the peak of a transient voltage puise.2’ 28 Therefore corona losses in combination
with lightning arresters will {imit the wire-to-ground potential difference of typical
distribution lines to about 600 kV or less. Because these limitiiny actions are not equal for
all of the conductors of the transmission line, howevor, sizable differential voltages may be
generated on the transmission line, These differential-mode voltages, as well as the common-
mode voltages, must pass through the distribution transformer to affect the customer equip-
ments. A discussion of the behavior of the transformer is contained in Chapter Four.
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Chapter Three

CONSUMER'S SERVICE ENTRANCE =

31  INTRODUCTION

31 DESCRIPTION OF THE SERVICE ENTRANCE

At the consumer’s end of a distribution line, the distribution voltage is reduced
with transformaers to the level required by the consumer (e.g., 120 V, 240 V, 480 V, etc.),
metared, and wired to the consumaer’s main circuit-breaker and distribution panel. The
properties nf this equipment between the end of the aerial distribution line and the low-volt-
age circult feading the main circult-breaker panel affect the coupling of the EMP-induced
signal to the consumer’s circulits, in this chapter, typical service-entrance properties and
instaliation practices are described, and their eftact on the EMP coupling is discussed. The
distribution trarv.former, which is an important component of this terminal aquipment, is
discussed separately in Chapter Four.
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For purposas of discuseing their effects on EMP coupling, service entrance instal-
lations have been divided into two categories according to whether the service transformers
are pole-mounted, as in Figure 3-1(a), or ground-based, as in Figure 3-1(b). For pole-
mounted transformer installations, the transformers are usually installed on the last pole of

l , the distribution line, and the low-voltage service drop is carried along a messenger cable to a
service-entrance weatherhead, where the low-voltage conductors enter rigid steel conduit.

THREE-PHASE B OdLP WEATHERHEAD
TRANSFORMERS TR

—
SERVICE DROP

RIGID i
CONDUIT

METER

AN

METER BOX

i
"aam [Wgmieg
-

_ UNDERGROUND TO LS8
. {s) SERVICE WITH POLE-MOUNTED TRANRFORMENS

Fipure 3-1  TYPICAL POWER SERVICE ENTRANCES

The service entrance may be on a separate pole, as shown in Figure 3-1{a), it may be on the
roof or exterior wall of a building, or it may be on the same pole as the transformers. There
i3 soma varlation in the mounting of the transformers, also. For example, they may be

mounted on a platform supported by four poles, rather than mounted directly on the
final pole.
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Figure 3«1  (Concluded)

3.1.2 GROUND-BASED TRANSFORMER INSTALLATIONS

Ground-based transformer installations are distinguished by the charactaristic that
the distribution voltage Is carried underground from the last pole to the transformers. The
transtormers may be located in a shed or fenced-in area near the consumer's buildings, or
they may be in a vault within the consumer’s building. Shielded cables are used to transmit
powar from the pothead near the top of the last pole to the transformers, Thase cables are

usually routed through rigid steel conduit or plastic or fiber duct for mechanical protection
underground and on the pole.

The principal comporients of the ground-based transformer installations that affect
the EMP coupling and voltage-limiting are the potheads, the shielded cable, and the steel or
fiber duct. (Transformer characteristics are also iImportant; they are discussed in Chapter
Four.) The pothead is a weatherproof interface between the aerial distribution line and the

138




shielded cable used for the underground service entrance. Typical potheads for use with

single- and three-conductor lines are shown in Figure 3-2. Basically, they consist of insu-

lated high-voltage bushings, to which the aerial conductors are connected, and a
controlled-gradient termination for the shields and/or lead sheath of the underground cables. The
lower cavity of the pothead is usually filled with an asphalt-based compound to weatherproof and
seal the cabla termination. The dielectric strength of the pothead should be commensurate
with the basic insulation level required for the distribution voltage (ses Table 3-1). To

prevent damage to the pothead and cable insulation, the pothead is usually protected with
lightning arrestors.

Cables for use at distribution voltages are stranded copper or aluminum insulated
with cross-linked polyethylene and shielded (for gradient control) with spiral-wound copper
tape. An overall lead sheath or vinyl jacket is sometimes provided for mechanical protection,
The construction of typical one- and three-conductor cables is shown in Figure 3-3. Semi-
conducting tape and semiconducting polyethylene are sometimes used adjacent to the inner
and outer conductors for electric gradient control, A concentric wrap of solid copper
strands may also be provided over the shield tape if the shield carries appraciable current
{the shield tape Is usually only a tew mils thick and Is used for gradient contro! rather than
to carry return or neutral currents), in some older installations, papar-insulated cable may
be found.!

Rigid steel conduit is almost always used at the ends of the condult run (l.e., at the
pole and at the transformer) but plastic (styrene) or fiber conduit is often used along the
buried portion of the run, The plastic or fiber duct may be of the rigid, direct-burial type
(Type 11), or of the concrete-encasement type (Type |) that is partially encased In concrete
after it it instailed in the trench. This encasament is normally sccomplished by laying the
conduits on a bed of sand so that they are less than one-third embedded in sand, then pour-
ing concrete over the conduits until the tranch Is filled to a few inches above the top of the
conduits, The remainder of the trench is then backfilled to grade level with local soil. From
an EMP coupling standpoint, the rigid steal conduit can provide excellent shielding for the
cables and it provides a uniform return conductor for the common-mode currant on the
cables, Plastic and fiber conduits provide no shielding and no return path for the common-
mode current.
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Flgure 3-2 POTHEADS FOR SINGLE- AND THREE-CONDUCTOR CABLES

313 POLE-MOUNTED TRANSFORMER INSTALLATIONS

For installations with pole-mounted transformers, the low-voltage conductors may
be exposed to the EMP fields between the transtormar and the service entrance. Because
the components in tha low-volitage system are not specifically designed to withstand high
voltages, this portion of the installation may he vulnerable to large induced voltages (even if
the transformer does not pass extremely large common-mode voltages). Vinyl- or neoprene-
Insulated cables are normally used for the low-voltage sarvice. These cahles are typically
loosely spiraled about a steel messengei cuble (which may also serve as a ground or neutral
conductor) between the transformer and the service entrance. The service-entrance
weatherhead is a hooded conduit fitting that permits the cables to be brought into the con-
duit without parmitting varmints ar excessive rainwater to enter the bullding through the
conduits. The service-entrance weatherhead contains an insulating spacer for tha cables so
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Tabie 3-1

SUGGESTED WITHSTAND IMPULSE VOLTAGES
FOR CABLES WITH METALLIC COVERING*

Basic Solid-Paper Oil-Filled-Paper
Rated Impulse Insulation Insulation
V‘(’w?' 'E::':lt::? Insulation | Withstand | Insulation | Withstand
Equipment Thickness | Voltage | Thickness | Voltage
quip (mils) (kV) (mils) {kV)
(kV)
1.2 30 78 04 - -
2.5 45 78 84 - -
6.0 80 B4 113 - -
8.7 76 141 169 - -
18 110 203 244 110 132
23 160 2668 319 146 174
34,6 200 376 450 190 228
48 260 469 663 226 270
89 350 688 826 316 378
118 B8O - - 480 6576
138 b0 - - B80 872
161 750 - - 848 780
230 1060 - - 926 1110

*Source: Ref. 1,

that thay are separated from each other and from the rough edges of the metal hood,
A typical service entrance is shown in Figure 3-4,

Although the cable and weatherhead insulation are not designed for high-voltage
applications, insulation breakdown In the low-voltage cable system seldom occurs in the
conduit or weatherhead unless the cable is old and deteriorated. Breakdown usually occurs
where the Insulation has been removed or compromised, such &s in the metering cabinet
where the cable insulation has been removed to make the mater voltage taps, o 8t the main
clrouit-breaker panel where ths insulation is removed to make the connection to the cir-
cuit breaker terminals.

it is also noteworthy that aithough large voltages may be induced in the low-voltage
service drop, there is some voltage-limiting bullt into the sscondary terminals of the trans-
formar, which normally has a voltage-limiting spark gap bullt into the hardware associated
with at least one of the secondary bushings, In addition, when long, exposed service drops
are used, it is not uncommon to install secondary lightning arresters in the low-voltage cir-
cuit at the trantformer, ssrvice entrance, or main circult-breaker panel (or all three).
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314 EFFECT OF SERVICE ENTRANCE ON EMP COUPLING?

The consumer service entrance is an important part of the power system for EMP
coupling considerations because it is closer to the consumer’s equipment than the remainder
of the system, and hecause of the following:

(1} The service transformer behaves as a hancipass filter (see Chapter Four).

{(2) The low~voltage entrance-conduit circuits or shielded service-entrance cables
have much lower characteristic (surge) impedances than the aerial distribution
lines.

(3) Additional EMP coupling can occur along the unshielded low-voltage service
drop or along service-entrance cables in burled plastic or fiber ducts,

(4) Voltage limiting may occur at lightning ar-esters and in low-voltage circuits.

The difference in characteristic impedance batwean the aerial transmission lines and
the shielded service-entrance cables used in ground-based traniformer installations causes a
large mismatch between these transmission lines, For times less than the round-trip propa-
gation time from the pothead to the transformer, the common-mode load impedunce on the
aerial transmission line ia the perallel combination of the characteristic impsdances of the
shialded service-entrance cables. Since the source impedance of the aerial transmission lines
is several hundred chms and the characteristic impedance of the shialded cables (in parallcl)
is of the order of ten ohms, only a small fraction of the large open-circuit voltage induced
in the aerisi transmission line is transmitted through the shielded cables; the remainder is
reflected back down the aerial line.

At times greatar than the round-trip propagation time on the shielded cables, the
transformer and the loads on |.s secondary winding affuct the input impedance at the pot-
head seen by the aerial line. In the frequency domain, however, the shielded cables may
behave as matching transformers that provide maximum coupling between the aerial trans-
mission line and the transformer for a band (or several bands) of fraquencies in the pulse
spectrum. Because of the narrow bandwidth of the matching-transformer effect, this eftect
is usually not important in tarms of transformer insulstion breskdown, but it is important
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in determining the spectral conterit of the signal delivered to the consumer’s low-voltage
circuits.

Similar considerations apply to the low-voltage conduit circuit between the service-
entrance and the main circuit-hreaker panel in pole-mounted transformer installations, The
principal differences in thix case are: (1) the signal induced in the aarial transmission line is
flitered by the transformers befora it gets to the service-entrance weatherhead, and (2) the
common-mode characteristic impsdance of the conductors in conduit is somewhat larger
than that of the shiulded service-entrance cables,

in tha case of pole-mounted transformers with long, low-voitage service drops, sig-
nificant voltage can be Induced in the sarvice drop by the EMP in much the same way as it is
induced in the asrial distribution line. This voitags will enter the conduit circuit before the
voltage inducad in the transmission line bshind the transformer, and it may be larger than
that passing through the transformer (particularly if the transformer is protected with light-
~ing arresters), Similarly, current may be induced in the shields of the buried shieided cables
between the potheads and ground-based transformer when these cables are In plustic ducts,
but if the cable shields are sffective, the voitages induced between the conductor and the
shield by this means is a major concern only if the cables are quite long (several hundred
feet). If stesl conduit is used for the entire run instead of plastic condult, the voltage induced
in the buried cables will usually be relativaly small {compared to that delivered by the aerial
transmission line) unless the run is several thousand feet long.

Intentional voltage-limiting occurs in the terminal installation because of distribu-
tion lightning arresters protecting the transformaer or pothead bushings and secondiary light~
ning arresters (if presant) at the weatherheod and main circuit-breaker panels. Unintentional
voltage limiting may occur because of low-voltage insulation breakdown at metering taps,
circuit-breaker terminals, and similar points whare tha insulation Is weak. Voltage break-
down in the low-volitage systam may have deleterious effects such as damage to tha watt-
hour meter and damage to power-monitoring relays and control circuits.
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32 TRANSMISSION THROUGH CONDUITS AND CABLES
3.21 TRANSFER FUNCTIONS FOR CONDUITS AND SHIELDED CABLES

The conduit and conductors between the scrvice-entrance weatharhead and the main
distribution panel, and the shielded cables batween the potheads and the transformaers can be
analyzed as transmlission-line segments betwean the source (aerial transmission lines) and the
load (low-voltage circuits or transformer primary). The equivalent circuit for this part of the
system is illustrated in Figure 3-6 where the source is represented by an open-circuit voltage
Vo and a source impedance 21 and the load is represented by 2¢. The transmission line has
a characteristic impadance 2, and is of length 2. For a long(semi-infinite) aerlal distribu-~
tion line connected to shielded uablas for transformer service, the source voltage V, and
impedance Z1 are the open-circult voltage induced in the semi-infinite line and its character-
istic impedance, The load impadance 2g is the input impedance of the primary terminals of
the transformer, including any lsad inductance and bushing capacitanca.

The refiection coetficient at the lond end of the transmission line is defined by3

(3-1)

and the propagation factot for the line is v = a -+ 8. The ratio of the voltage V() across the
load to the source voltage Vo I8

el
lcﬂ- -3 1+ ple? (3-2)
1 .
[+) ? (1 - pe—279) + (1 + pe—2‘7k)
0

Plots of the magnitude of this transfer function are shown in Figure 3-8 for 2 resistive, Fig-
ure 3~7 for Z¢ inductive, and Figure 3-8 for 2p capacitive. These results are for a iossiess
alr-insulated transmisaion line (y = jk = Jw/c) 30 m long and a source impedance of 300 ohms
{typical of an gerial distribition line). A characteristic impedance of 10 ohms is assumed for
the transmission line. However, these data can be applied to any similar ¢ircuit with
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Figure 3-8 APPROXIMATE EQUIVALENT CIRCUIT FOR
ANALYSIS OF TRANSMISSION THROUGH SHIELDED CARBLE
OR CONDUIT FEEDER CIRCUITS

Z1/20 = 30 tor which the values of R/Zq, L&/82Z,, or €ZoC/8 shown are applicable, if the
upper normalized-frequency (k) scale is used. {The speed of light, ¢, may be replaced by
the propagation velocity v = ¢/A/€r if insulation other than air is used.)

Note that for all load impedances except the matched resistive load (Zy = R+ Z,),
the transfer function is frequancy-selactive and tends to pass certain frequencies more
readily than others. Because the first foew passbands lie in the range 0.1 < k¢ < 10, power-
system responsus ara often characterized by fundamantal osclllations in this frecquency range.

-1 AT

RO

Time-domaln responses of the circuit of Figure 3-5 have been obtained experimen-

IR N S

tally using RF transmission line to simulate the conduit or shielded cable. This line is not
lossless, and the load elements are not pure resistances or reactances, so that the waveforms
obtained with the analog circuit are somewhat more reprasentative of those that might be
ohserved in & power system, The waveforms for a step voltage Vo with source impadance
such that Z1/Z, = 30 are shown in Figure 3-9 for resistive loads, It is seen in Figure 3-9(a)
that the voitage V(¢) across the load resistance is a stair-step rising toward R/(R + 21)
when R > Z,. The length of the steps is 2¢/c, and the smoothed’’ stair-step for R > 2,
approaches an exponential function V4 (1 — exp (—t/r)] where

= il (3-3)
R + 24
R
Vi &= =/ -4
! R + Z4 ° (3-4)

and C is the total capacitance of the transmission line (C = R/cZ,). When R < 2;, as in Fig-
ure 3-8(b), u damped square wave of initial amplitude 2 RZo/(R + 25)(Z1 + Z, ) osclllating

e e
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Figure 3-6 FEEDER TRANSFER FUNCTIONS FOR RESISTIVE LOADS

about the value R/(Z1 + R) is obtained. For a load R = Z,, the voltaye V(¢) would be a step
of magnitude R/(R + Z1),

The response with an inductive load is of more interest in practice because of the
large lead inductance associated with power circuits near transformer or circuit-breaker
terminals. The load voltage V(0) for three values of inductance is shown in Figure 3-10
for the step-voltage source with 21/Z¢ = 30. In Figure 3-10(a), the time constant L/2, of

147




k¢ = wl/c

1 1 10
1 i T
- -
(L = 10 tH)
|50 :
>| > W [ =
5 e L€ L 40 -
E e zo \ o
i - A} \\ 4 -
g B 7
(L= 3uH
‘ —
£ B ’
g
5 102 |- —
g = (L=t M -
- -
—— 1 —
2z, = 300 2
™ (L =03 KH) ! Vi
L
- Vo@ 2,108 -
0.3 L= 0 um) Re30m
o Lo/ | |
03 1 10 30

FREQUENCY -~ MH:

Figure 3-7 FEEDER TRANSFER FUNCTIONS FOR INDUCTIVE LOADS

the inductive load Is smaller than tha round-trip transient time 2¢/c of the line. During the
first 28/c of the response, therefore, the response voltage is a decaying exponential with
time~-constant L./Zq, but beyond 2¢/c the response becomes very complicated because of the
convolution of tha exponential responsa with multiple reflections from the Inductive load
and the resistive source Impedance. The waveform of Figure 3-10(a) is quite rapresentative of

the complexity of the power-system response waveforms that are observed in practice, however.
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Figure 3-8 FEEDER TRANSFER FUNCTIONS FOR CAPACITIVE LOADS

Note that, although it is masked by the fine structure of the reflections, the response con-

tains @ fundamental oscillation with a period of 2m/0L/cZ,, about three cycles of which
can be saen in Figure 3-10(a).

The responses shown in Figure 3-10(b) and (c) are for larger inductances. In Figure
3-10(b), the time constant L/Z, of the inductance is about equal to the round-trip transit
time 28/c, so that the exponential decay of the voltage across the inductance is easily
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identified even after several reflactions. The fundamental osciliation with a period of
2m/CL/cZ,, upon which these exponential responses ride is also easily recognizabie. In Fig-
ure 3-10(c), where L/Z, > 2¢/c, the muitiply reflected exponential responses appear as a

saw-tooth wave superimposed on the fundamental oscitlation,

The voltage developed across a capacitive load by a step voltage Vo with source impae-
dance 29 » 302, Is shown in Figure 3-11 for a capacitance whose time constant 2,C is
small compared to the transit time 28/c. The early-time voltage across the capacitor

¢ A behaves as

(3-8)

2
V) = —— (1 - t/Te) (0 <t < 20/c)
1+ &

G

B R

where r, = Z,C, After the first reflection returns, the waveform is more complicated, but

generally incruases along an '‘average’’ curve given by

vik) = 1 - g~V81C (3-8)

1 when 21 is resistive, Therefore, If the capacitance is increased, both the ‘*average’’ time
constant Z1C and the short~term time constant Z,C increase 3o that the size of the ripplesis

reduced and the average rate of rise is reduced, Wavetorms such as that shown in Figure

3-11 are seldom observed in power systems because the capacitances in power circuits are

ususily distributed capacitances associated with machine or component windings, so that they

behuve as transmission tines rather than lumped capacitors,

162




322 THEVENIN-EQUIVALENT SOURCE

The Thevenin-equivalent source voitage at the load end of the conduit or shielded
cable may be obtained from Eq. (3-2) by letting Zy —+ ° so that p = 1, resulting in

267y,

Y 4
Zo

F AT TR e

The source impedance associated with this open-circuit voltage is3

b.; . ‘ + pi."hg
i ‘ 2 (3-8)
E! 21 = &p § - p‘o_nq
E
where
3 , 2y~ 2 o)
1
A Thevenin-equivalent source of voltage V' and impedance 2’y at the load and of the con- i

duit can then be used to replace the source V,, its impedance Z1, and the transmission line J
&y illustrated in Figure 3-12,

323 CHARACTERISTIC IMPEDANCE OF CONDUCTORS IN A CONDUIT
Formulas for the comman-mode characteristic impedance of two- and four-conduc-

tor shielded cables have been derived by Kaden.4 Thess formulas are exact for perfect con-
ductors and uniform dielectric batween the inner conductors and the shield. The cable
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configuration and appropriate formulas for the common-maode characteristic impardance are

shown in Figure 3-13(a) and (b}, The formulas also assume a uniformly spaced, symmetri-

cal array of conductors as illustratad, The etfacts of eccentricity of the cable bundle in the j
condulit can bhe estimated from the behavior of the characteristic impedance of the eccentric

“coaxial" cable shown in Figure 3-13{c).B If &, in Figure 3-13(c), Is the effective radius of

tha bundie of conductors, the common-mode characteristic impedarice of the bundle with an

] offset from the cnnter of the coneluit can he estimated using the formula given in Figure

3-13(c). A plot of this variation with oftsat is shown in Figure 3-14, where it is apparent
that the bundle can be off-centered up to 50% with less than 20% reduction in character-
istic impedanca. .

As an lHlustration of a typical four-conductor circuit in a conduit, the common-mode
charactaristic impedance of four 300-MCM conductors in & 3-inch condult is shown in Table
3-2 for an arrangemen like that shown in Figure 3-13(b). Alr was assumed for the dielectric,
but the maximum and minimum spacings between conductors (‘'compact” and “loose’” in
Table 3-2) were obtained assuming insulation of 0,933 inch diameter over the conductors.
The "‘mean’’ spacing is the geometric mean of the maximum and minimum spacings. As is

apparent in the table, the characteristic impedance changes by a factor of a little moras than
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2 as the spacing varies from the maxi-

z, zZ .t e mum to the minimum permitted by

the insulation. |f allowance is made
for the dielectric constant of the in-
sulation, all of the characteristic
(s} ORIGINAL CIRCUIT impedances shown in the table will

. be reduced somewhat,

Vo ZQ

{b)  NEW THEVENIN BQUIVALENT

Figure 3-12 FEEDER SOURCE TRANSLATED
TO THE LOAD TEAMINALS

Table 3-2

COMMON-MODE CHARACTERISTIC IMPEDANCE OF FOUR 300-MCM
INSULATED CONDUCTORS IN A THREE-INCH-DIAMETER CONDUIT

N Unchen | 1mpodanos, Zo lonma) | - Comment
0.680 333 compact
0.840 25.0 Mean
1.088 14.6 Loose

Notes: 0.D. of insulation: 0,833 inch
Q.D. of conductor: 0,629 inch
1.D. of conduit: 3.068 inch
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324 CHARACTERISTIC IMPEDANCE OF SHIELDED CABLES

The high-frequency characteristic {surge} impedance of shielded cables can be
obtained from manufacturers’ capacitive reactance data. The characteristic impedance is

z, - V" (3-10)
¢C
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where c is the spead of light, C is the capacitance per unit length, and ¢, is the dialectric
constant of the insulation. The capacitive reactance of cables is often tabulated in

ohma/mile at 60 Hz. In terms of the reactance per mile, X¢, the characteristic impedance
in ohms is

2o = 202 X 10°%/e %, . (3-11)

A table of values of characteristic impedance for various sizes and voltage ratings of
single, paper-insulated shielded cables is given in Table 3-3. Thesa valuss were deduced
from the reactance-per-mile data given in Ref, 1.

Modern shielded cables ars commonly insulated with cross-linked polyethylena, al-
though soma paper insulation is still in use. Polyethy:sne-insulated cables tend to have
similar characteristic impedances bacause the diviectric conatant of polyethylenae is smalier
than that of paper, but the axtruded insulation !s stight:y thinner than paper insulation for
the same voltage rating.

3.3 COUPLING THROUGH STEEL CONDUIT WALLS
331 GENERAL CONSIDERATIONS

Burled steel conduiis, such as those between the serv: .-entrance weatherhead and
the malin circuit-breaker panel, may have current induced in them by the electromagnetic
tield in the soll. Tho qurrent induced i1 the condult will, in turn, induce a current in the
conductors inside the condult, This current is superimposed on the current injected at the
end of the conduit by the exposed aerial conductors. A similar situation exists for the
shislded cables between the potheads and tha transformers, aithough if these cables are

routed through rigid steel conduit, the conductors are shielded by both the conduit and the
table shislds.
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Table 3-3

CHARACTERISTIC IMPEDANCES OF PAPER-INSULATED
SHIELDED POWER CABLES

‘f T T Voltaye Ratiu?g

Size e e TEU

(AWG or Mom) |1KY 3KV [6kV [8KkV [16kV]23kV]apkv

Characteristic Impedance (ohms)

6 6 | 19| 26 | 30| - - .
4 3 | 16| 22| 26| 33| - -
2 11 | 13 | 18| 21| 28 | 35 -
1 97 | 12 { 16 | 19| 26 | 31 -
0 871 10 | 14| 17! 23| 28 | 38
00 78| 95 { 12 | 16| 20| 26 | 33
000 71 | 86| 11 | 13| 18 | 23 | 30
0000 64 | 78| 96| 12 | 16 | 21 | 27
260 569 | 72 1 88| 11 | 16 ( 19 | 2
360 50 | 62 | 73| 9 13| 17| 22
500 42 | B2 | 82| 28| 11| 4 | 19
7560 34 | 41| 62| 65| 94| 12 | 17
1000 31| 38 44| 67| 87} 11 | 15
1500 | 26 | 31| 37 | 47| 69 | 91| 12
2000 (22| 27| 32| 41| 81| 80| 11

Based an capacitive reactance values given In Ref, 1. Dislaectric constant it 3.7,

The usual approach to calculating the currant or voltage on the conductors inside
the conduit non<ists of (1) determining the electric field in the soil paralle! to the conduit,
{2) calculating the current in the conduit, {3) calculating the transfer impedance and satu-
ration characteristics of the conduit as a tubular shield, and (4) analyzing the conductors
and conduit as a coaxial transmission lIine with a dist*ibuted driving source.® 19 In the case
of shielded cablas In plastic conduit, Steps 2, 3, and 4 are applied to the cable shields rather
than to the conduits, In the case of shivi:ad cables Inside steel conduit, Step 3 will include
calculating transter imnadance of the cable shield, and in Step 4 the coaxial transmission
line analyzed will be that formed hy the cable conductor snd its shield.
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A rigorous analysis of the signals induced on conductors inside steel conchuits is
apparently very difficult.8 {{owever, there are several properties of the conduit and of typi-
cal installations that may be used to simplify the problem and obtain good estimates of the
conductor voltage and current. First, it is noted that rigid stes| conduit is a very effective
shield, particularly at high frequencies, su that very little of the external electromagnetic
field penetrates through the conduit walls to the conductors inside. Thus, unless the conduit
is very long (of the order of 108 ¢t or more), the signal induced through the walls of a con-
tinuous steel conduit with tight couplings is usually negligible compared to that injected on
the condult conductors by the aerlal conductors at the entrance end. Even for long conduit
runs, the rise time of the current and voltage trensient induced on the internal conductors is
very long (of tha order of 1 ms if the steel is unsaturated), so that ordinary voltage limiting

and filtering techniques can he applied,

Second, since only the low-frequency spectrum can penetrate the steel conduit
walls, only the low-fraquancy currant in the conduit and the low-frequency fields in the
soll need be analyzed.% 10 11 Because only the low-frequency spectrum Is of Interest, the
conduit can be considered electrically short (i.e., short compared to a wavelength of the

highest frequency of interest),

Finally, the depth of burial of condulits is ordinarily only a fuw meters, so that in
the low-frequency spectrum of interest in the analysis of the intarnal conductors, the
fields in the soil at the depth of burlal are approximatsly equal to those at the surface of
the ground. One can therefore often neglect the exp {--d/8) dependence of the field
strength on depth d and skin depth & = (xfu0)=" in the soll.

- ":":'_Fr—- P,

R

The simplifications noted above are valid only for conductors in effectively contin-
uous rigid steel condults {i.e., steel conduit with tight couplings for the entire run). if the
conductors are routed through plasiic {or other nonmatallic) condult for all or part of the
run, the above simplifications do not apply, because these assumptions are all contingent on
the high-frequency shielding characteristics of the rigid steel conduit. Even shielded cables
in pla:tic conduit may require special considaration because the electrostatic shields on
these cables may not bae particularly sffective at high frequencies {see Section 3.4},

.
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3.3.2 BULK CURRENTS INDUCED IN BURIED CONDUITS
3.3.2.1 Genaral

This section presents formulas for calculating the total current induced in
a buried conduit by an incident uniform plane wave, for bare or thinly insulated conduits.
The incident electromagnetic pulse is assumed to have an exponential waveform E, exp
(-t/ The wave arrives on the surface of the earth from a directiun defined by an elevation
angle ¥ and an azimuth angle  as illustrated in Figure 3-16. The depth of burial of the con-
duit is small compared to a skin depth in the soil, so that the fields at the condult depth are
essentially the same as those st the surface. It is assurned that the conduit is a single, isolated
conduit with no other conductors in its vicinity,

In all the bulk-current formulas, the soil is considered to be a good con-
ductor, as defined by o0 >> we. The wave-propagation factor in the soil, and the propagation
factor for bare conductors, is thus>

1+ ]
5

Y= \/lw#o(o + jwe) = \/jwuoo = {3-12)

where 5 is the skin depth in the soil, g is the soil conductivity, and py and ¢ are the perme-

ability and permittivity of the soil, respactively., A plot of the skin depth as a function of
frequency and soil conductivity is given in Figure 3-16. The dashed line along the right- j
hand side of Figure 3-16 indicates the limit of validity of the approximation y = (1 +})/5. 1
Although this limit falls between a few hundred kHz and a few MHz for typical soil con-
ductivities, steel conduit watls have very large attenuation at fraquercies above 100 kHz, so
that the bulk-current spectrum at these frequencies is usually of secondary interest.

3.3.2.2 Current Far from the Ends of a Long Conduit

The conduit-current formulas presented here apply to points far (several
skin depths in soil) from the ends of long buried conduits that have no insulation, or have
insulation that is thin compared to the conduit radius, The results are presented for an

incident exponential pulse that propagates as a plane wave that is uniform (constant
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Figure 3-16  ILLUSTRATION OF COORDINATES FOR CONDUIT AND ANGLE OF ARRIVAL
OF TRANSIENT WAVE

magnitude) over several soil skin depths along the conduit (the skin dapth 6 in the soil is
plotted in Figure 3-16). The decay time constant 7 of the exponential pulse is large com-
pared to the soil time constant 74 = ¢g/0. The small resistance of the cabie is neglected, and

it is assumed that the depth of burlal is small compared to the soil skin depth at the highaest
frequencies of interest,

The total current induced far from the ends of a long conduit by an inci-
dent field Eqe~t'7 is given by 10

1
Hw) = g (3-13)
Viwr w + /1)
in the frequency domain, or
2 t/T~ 2
i) = loe V7 — e¥“du (3-14)
Vo
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In the time domain, where

lo = 105%/757 E,D(V,0) (ampere suconds)

o 885x10 12

Te = = . s = = Time constant of soil ()
( a
T = Decay time constant of incident pulse (s)
E, =  Peak electric-fiald strength of incident pulse (V/m)
D(Vwl =  cosy for vertically polarized wave

= sinysiny for horizontally polarized wave.

163




AT TN TR

The waveform for i{t) and the incident exponential pulse ara shown in Figure 3-17 as a
function of time in incident-pulse-decay time constant.

The peak current induced in the conduit is'0

Vur
lpk = lo [e"’* %[ euzdu] max = 0.681 1 (3-16)
TJ0

and the peak current occurs at

tok = 0.867 . (3-18)

The variation of the peak current with azimuth angle of incidence v and slevation angle of
Incidance y is shown In Figure 3-18. The magnitude of the peak current for maximum
coupling { D(y, ¢) = 1] iz plotted in Figure 3-19 as a function of soll conductivity for vari-
ous ircident-flald time constants, The plots are truncated in the lower left-hand part of

the graph whera 7 = r,. The rasponses given in this section are valid only if r > r,. Where the
approximations used here are valid, the peak current Is inversely proportional to the square
root of the soil conductivity (i.e, 4/d | = constant),

Useful insight into the physics of the coupling process can be obtained from
the frequency form of the current in the conduit given byB

1z,0) ,.2.?.;’.’9."‘__

] log_s/_ff_ (3-17)
Yob

where E, is the component of the electric field (in the soil) parallel to the conduit, a is the
radius of the conduit, and v, = 1.781. The current density in the soil is 0E, {in the absence
of the conduit), and 762 i the area of a circle one skin-depth In radius in the soil. Thus the
total current induced in the conduit is approximately proportional to the current that would
fiow in a circular cylinder of soil one skin depth in radius if the cable were not present.
Bacause E, « E,A/0 through (I + R)E, [see Egs. (2-8)], the conduit current Is also propor-
tional ta ED/\/'J. The approximation log (\/ialvoa) 2 10 Is valid (within a factor of 2) fora
wide range of soll conductivities, conductor radii, and frequencies as can be seen in Figure
3-20. This approximation has been used in deriving |, in Eqgs. {3-13) and (3-14).
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3.32,2  Current Near the End of a Long Bare Conduit

The conduit current formulas presented here are for points near the end of
a long (semi-infinite) conduit. The bulk current in the conduit is based on the assumption that
the conduit is in contact with the soil and that tha end of the conduit is terminated in a
very low impaedance {short circuit) or a very high impedance (open circuit) compared to the
characteristic impedance. The short-circuit case might be representative of a conduit that is
terrninated In a large counterpoise or similar low-impedance structure., The open-circuit
case Is representative of a conduit that is dead-ended or insulated at the end of the run, The
assumptions that 0 > wc¢ and a < 6 used for the long conduit above apply to these cases as
wall. The results are presented for an exponential pulse with decay time constant r that is
large compared to the soil time constant 7, = ¢o/0. The eleciromagnetic pulse is incident

from a direction defined by an slevation angle  measured from horizontal and & azimuth
angle ¢ measured from the axis of the conduit (see Figure 3-15).
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The total current induced near the end of a long conduit that is shore-
crrcuited i identical to the current far from the ends and is given by Egs. {3-13) and (3--14),

ancl has the waveform shown in Figure 3- 17,

The total current induced near the end of a long conduit that is open-

' . . i )
efreuited at the end by an incident exponential pulse E e YT s given I)v10

1 @ Vicifro sk (3-18)
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DUIT CURRENT AS A FUNCTION OF SOtL CONDUCTIVITY

INCIDENT EXPONENTIAL PULSE-DECAY

TIME CONSTANT 7(D(y.w) = 1]

domain, and by

frequency
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(3-19)
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Figure 3-20 VARIATION OF LOG (V2'/08) WITH FREQUENCY AND CONDUCTOR
RADIUS, (Nute that a factor of 10 in conductor radius produces thy same c'fect as a laator
of 100 in soll conductivity.)

in the time domain, where

{, = 108/757 ExD(y,¢) lampere-seconds)

19 =~ = Time constant of soil (s)

t = Decay time constant of incident pulse (s)
B,  Peak electric-field strangth of incident pulse (V/m)
Dly,y cos ¢ for vertical potarization
D(Y.¢) - sin g sin ¢ for horizontal polatization
2 = Distance from end of cable {m)
¢ = 1A\ lpty, ~ Speed of light in freu space

P
v (o)
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This current is zero (very small) at the end (z = O) and approaches the value given by Eq.
(3-14) at large distances from the end. Plots of the waveform at distances of 3,16, 10, and
31.8 m from the end of tne cable are shown in Figure 3-21 for a soll conductivity of

1072 mho/m,
|
' 07
-2
06 010 :
v t 10"
]
: o

=N N

03

o N N
K\\z + 10

¢+ 246

0 1 2 3 4
TIME vt

Figure 3-21 WAVEFORM OF THE CONDUIT CURRENT NEAR THE END
WHEN CONDUIT END IS OPEN-CIRCUIT

Since the waveform is determined by —1~ (2/c)? = vz?/e,c?, the wavaforms shown in Fig-
ure 3-21 will represent different distnncel from the end of the cable if the soil conductivity
differs from 10~2 mho/m. The magnitude of the current ramains inversely proportional to
the square ront of the sail conductivity (/7 lo = constant). Again, the approximation log

28« 10 used In derlving Io.
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3.3.2.4 Current in an Electrically Short Conduit

The conduit may be considerad electrically short if its length iy short com-
pared to a skin depth in the soil of all frequencies of interest, From the analysis of conduit
shielding properties in Section 3,3.3, it is apparent that even if the steel in the conduit is
saturated, the frequencies penetrating the conduit walls |le principally in the specirum below
6 kHz, and from Figure 3-16 the skin depth in average (o0 = 10-2) soll is about 80 m and in
poorly conducting (v = 10-3) soil it is about 200 m. Thus, conduits a few tens of maters fong
in soil of poor to average conductivity may be considered slectrically short at the fraquencies
penetrating to the interior of the canduits,

The conduit may then be analyzod as an electrically short dipoie in &
finitely conducting medium. The current at the canter of a conduit of length ¢ is then

E, Y
2

| =

(3-20)

where E; Is the fiald strength in the soil and Y is admittance of a center-fed dipole of
length ¢ and rudius a in the conductive medium. Neglecting the capacitive susceptance (since
0 >> we), the admittance Y is

mod
Y =@ :

i 2 log Q/a‘ (3-21)

whets v iy the soil conductivity and a is the radius of the conduit. The current at the
center is thus

| % —————— -
4log t/a (3-22)
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The z-component of the electric field In the soil, from Egs. (2-7) and
{2-9) with h = 0 and the phase kz cos J cos ¢ neglected, is

I LN 20

Cos ¢

where ¢ = ¢5/0, E; 15 the incident field strangth, and the upper and lower trigonometric

functions apply to horizontal and verticul pularization, respectively. For an exponential
pulse of the incident field Eget/T,

sin sin v Viw .
E, 2!‘:'0\/'7"‘ o 1 . (3-24)

jw +-—

The midpoint current in the short conduit is thus

sz.,Qz Ve lsinwln w} \/—

2 log ¥/a cosy (3-25).

for the exponential pulse of incident field (upper trigonometric functions for horizontal

polarization; lower for vertical polarization}, The ratio of this current to the current in an
infinitely long condult is

5 log \’/56

lsh
"o 0 jur, (3-26)
e 8 log ¢/a

where 7 = poak‘z, and the log term in the numerator is plotted in Figure 3-20. The ratio
is thus of the order of jwry. By definition of electrical shortness, wry <<\ 1; therefore the
magnitude of the currant at the midpoint of a short condult is always smaller than the cur-

rent in an infinitely long conduit {or far from the ends of 4 long conduit), Observe also

that because multiplication by jw in the frequency domain corresponds to differentiation
with respect to time in the time domain, the waveforms of the current in the time domein

171




roc

will correspond to the derivative of the waveform shown in Figure 3-17. This waveform

of the current at the center of the conduit is thus'?

2 [Vvr
~ gV~ e“zdu](t » 1) {3-27)

1
it) ~ |
b[\/ﬂ‘ﬂ vrJo

where

:' ' 10Eo k% Dlv)
; - ——0 . = '
?‘ ° " Jiogta V' ¥

‘ Te = €o/0

D(y,p) = sin g sin ¢ (horizontal polarization)
= cos ¢ (vartical polarization)
r = Time constant of incident exponential tield pulse.

g This waveferm s infinite at t = 0, but the sclution is not valid for times less than ., because
for such times the soll does not behave s a good conductor,

Equations (3-26) and (3-27) yive the current at the center of the short
conduit. Since tha maxitnum current occurs at the center, the current anywhera eise on the
conduit is less than tive vaiues given by these formulas. The variation of the current with position
along the conduit is frequency-dependent (ur time-dependent) also, so that & transformable
current distribution or average current that can be used in the calculation of internal con-
ductor voltapes end currents is not readily avallahle. To within a factor of ahout 2 Vor these
calculations, however, it may be assumed that the current in the conduit is uniform at the

midpoint value,
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333 CURRENT AND VOL TAGE INDUCED ON INTERNAL CONDUCTORS

3.3.3.1 Transfer Impedance of Stesl Conduit

The voltage and current induced on canductars inside a steel conduit by
current flowing on the conduit ¢ "e cbisined from the transfer impedance of the conduit. The
transfar impedance of a cylindrical shield Is the ratio of the voltage per unit length developed
betwaean the internal conductors and the shield to the currant flow:ng in the shield, Inits
general form, the transfer impedance Zy is defined by

2y == (3-28)

where V is the conductor-to-shield voitage, | is the shiald current, and 2 is the distance ]
along the conduit. 1
‘ !

For thin-vvalled tubular shields of uniform cross section that contain no
holes or cracks, the transfer impedance I8+

(1+)) T/6
R -
Zr > Ro o+ s 13-29)
whare R, is tiie dc 1esistance per unit length of the shield given by
- (3-30)
2naTo i

and T is the wall thickness of the shiald, a is the maan radius of the shiald, o is the canduc-
tivity of the shield, and & is tha skin depth in the shield given by

1

Vo

b = {3-31)
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For ferrornagnetic chields such as steel conduit, the permeability, u, is an important factor,

Sinca
LN AL 3-32
5 Viwrs s (3-32)
h
;L whare
|
i e = MOT? |
b 1 1
, fa = R ee——— ]
: auoT? 7T

the transfer impec ince may also be expressed in terms of the diffusion time-constant r, or
the frequency fg at which the wall thickness is one skin depth, The dimensions of standard

steel conuult are given in Table 3-4, A plot of the magnitude of the transfar impedance as a
function of frequency Is shown in Figure 3-22 in a normalized form that can be applied to

Table 3-4
PROPERTIES OF STANDARD GALVANIZED OR ENAMELED i
RIGID STEEL. CONDUIT J
Size Diameter (inchas) Th.ickness Threads pe: Waight per
{inches) [° External internal {inches) inch 100 Feet (Ibs)
Y 0.840 0622 0.108 14 79
% 1.060 0.824 0.113 14 106
1 1.316 1.049 0.133 1% 163
1% 1,660 1.380 0.140 1% 201
1V 1,800 1.610 0.145 1Y% 249
2 2.376 2.087 0.164 1% 332
2% 2.876 2.469 0.203 8 6527
3 3.600 3.06% 0.216 8 682
3% 4.000 3.648 0.226 8 831
4 4,600 4.028 0.237 8 972
B 6.663 £.047 0.268 8 1314
6 6.625 6.0656 0.280 8 1745
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: - CONDUTT
: y_"‘ ° [~ [NOMINAL Ra —
; : SIZE {$2/m)
! 8 linches)
f» % 10-1 — inches —
» g - 05 103 x 1073 | 110 5507 =
! g [ uie | 777 x107% | 10 5124 -
I
§ T — 1 823 x 1074 | 7.40 3690 -
! — naned
: & 126 | 386 x 107 | ee8 3339
'k é .4 —
) £ 1.6 3.23 x 10 6,22 3112
' g ) 2 240 x 1074 | 662 2759

N gpd p— -4

3 [~ 2.5 1.52 x 10 318 1688 o=

g t— i =]
: 3 ~— | 3 116 x 1074 | 28 1403 -
J o . ——
' 2 L 35 9.84 x 1075 | 256 1281
g - 4 814 x 10°% | 2.3 1166
4 | s 601 x 1075 | 1,07 983
: |6 463 x 10° | 167 434

ot Lot L
0.1 1 10 100
NORMALIZED FREQUENCY, -
s
F\. Figure 3-22 MAGNITUDE OF THE TRANSFER IMPEDANCE OF RIGID STEEL ]
CONDUIT (s = & x 106 mho/m) L
any tubular shieid. The norimalization values of R, and f, for standaruy rigid steel conduits
are shown in the table inset in Figure 3-22,

Note that for frequencies significantly above f,, the transfer impedance is
quite small, so that only the frequencies below f, are effective in inducing current and voltage
on the conductors inside the conduit. Even if the conduit steel is saturated, the cutoff fre-
quency f, is less than 8 kHz, so that the conduit run may be considered electrically short {for
the analysis of internal current and voltage) if its length is

175




Since most feeder conduits are only a few hundred feet long, they may usually be considered
electrically short for purposes of analyzing coupling through the conduit walls.

3.3.3.2 Internal Voltage Induced in an Electrically Short Conduit—
Uniform Exponential Current

For an electrically short conduit of length ¢ with a uniform current |
induced by extarnal fields, the total induced internal voltage will be

Viw) = 1274 (3-33)
where Z7 is the transfer impedance of the conduit. |f the internal conductors are open-

circuited with respect to the conduit at both ends, half of this voltage will appear between
the conductors and the conduit at each end,

When the current | is that derived from an exponential pulse I,,e"‘/ T and
the transfer impedance from Eq. (3-29) is used, the open-circult voltage at one end of con-
5 ductors that are open-circuited at both ends is'0

loRoS Viwrg
Viw) =~—— (3-34)

2 (iw +—:-) sinh \/]Zo_;

Y iia

where

Ro = (2rasT)"! =  dc resistance per meter of the conduit l

|

s = uoT? = Diffusion time constant for the conduit J

T = Decay time constant of the exponential pulse of conduit current. j
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The quantities a, o, i, and T are the radius, conductivity, permeability, and wall thickness
of the conduit, respectively. The voltage waveform is

|0ROQ T 1/7s 3/2 (2[1 . ‘”275 "
t) = —] —f— \ér _ ) T
RS SN S I

(3-35)

loRo% 2 /r\1/2 &= r
. vit) =__2__9____(') Z exp ["‘(2n - 1)? ‘4";] (r > r) . (3-36)

The waveform for r <<, is 7 times the impulse response of the conductors, and the wave-
; form for 7 >> 7, is the step-~function response of the conductars. Plots of these waveforms
and the response when 7 = r_ are shown in Figure 3-23 normalized to 14Ro%/2 in magnitude
and to 7 in time,

The peak open-circuit voltages are

1oRo¥
V(t)pggk = _é_ (T > Tt,
r fIoRo8
= 69— (r € 74) {3-37)
Ts 2

i

1oR
077(°2°> (r = 1)
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if the conductors are open-circuited (relative to the conduit) at hoth ends. The 10-t0-90%
rise time for the voltage is

1090 = 0..36 Tg {r » Ts)
= 0,038 74 (r € 1) (3-38)
= 0,16 14 (r = 7¢)

Plots of the asymptotic values of the peak voltage and rise time against #/7_ are shown In
Figure 3-24 as solid lines, and an estimate of their behavior hetween asymptotes is shown
as a dashed curve. Values of 7, and R, for rigid steel conduit are given in Table 3-5.

\'

\
=1
e ™
!

10-70-90 .- RISE TIME

PLAK OPEN-CIRCUIT VOLTAGE (vn

nol v, nor
vt 0! 1 10

Figure 3-24 VAPIATION OF PEAK OPEN-CIRCUIT VOLTAGE AND RISE TIME OF
CONDUCTOR VOLTAGE AS A FUNCTION OF EXPONENTIAL CONDUIT-CURRENT-DECAY
TIME CONSTANT 1 {normilized to diffusion constant 7y
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Table 3-5
SHIELDING PARAMETERS FOR RIGID STEEL CONDUIT

Nominal Ts
Conduit Ro ur = 600 | uy = 1.0 Q,

Size (inches) | (ohms/m) (ms) (us) (A-3) j
Y 1.03x 103 | 289 57.8 2.1 ]
% 7.77 x 10 31.1 62.1 2.9 :
1 6.23 43.0 86.0 5.2 ,
1% 3.86 47.7 95.3 7.4 ,
1% 3.23 B1.1 102 9.1 }
2 2,40 7.7 116 13
2% 1.62 100 200 27
3 1.16 113 227 38
% 0.64x 108 | 124 248 48 g
4 814 137 273 59 i
] 6.01 162 324 87 !
8 4.63 191 381 120 “

The voltage has the same magnitude and shape at both ends of the conduit;
however, the polarity at one end is opposite to the polarity at the other end. If the conductors
are shorted to the zonduit at one end ‘e open-circuit voltage at the opposite end will have
the same waveform Lut it will double in magnitude.

The current through matched terminations 2, at the ends of the conductors
will be

Hw) = V{w)/Zg . (3-39)
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3.3.3.3 Interna! Voltage from Incident Field

The results presented here give the voltage between the conductors and th
conduit induced by an exponential plane-wave puise ii.cident on the surface ot the ground.
The results apply to buried conduits that are short compared to the shortest wave-iength
penetrating the wall (sae Figure 3-22) but long compared to a skin depth in soil. Tha results
are obtained from the convolution of tha conduit current obtained in Section 3.3.2.2 with
the impulse rasponse of the conduit obtained in Section 3.3.3.2.

The opan-circult voltage induced between the conductor and the conduit
by an incident exponantial pulse Eoe"" is given by1°

lgRof
Vi) =22 [ 2 ! (3-40)
2 T (jw + 1/7)sinhy/jwr,

where

'0 = 106 TTpEoD(WoW) (see Eq- (3-14))
Ty = ;wT2 is the diffusion constant for the tubular shisld.

The open-circuit voltage waveform Is

1sRol J7 tiny = n
oy = oRo \/za"”f o\ Ta/TIv z
2\/-1? T 0 n=1 y3/2

- 2
X exp [— (_(_2_n 2 1) %]ldv

(3-41)
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This waveform, normalized to 2/-—, is plotted in Figure 3-25 for several values of 74/7.
\ m

In deriving Eys. (3-40) and (3-41), it has been assumed that the conductors
are open- cireuited with respect to the conduit at bath ends, and that the conduit run is lony
enough that the conduit current may be considered uniform throughout the length of the
conduit (i.e,, end etfects such as those described in Section 3.3.2.3 are negligible).

3.3.34 Saturation of Steel Conduit

Much of the shielding effectiveness ot steel conduit is caused by the large rela--
tive permeability of steel, When very large currents Hlow in the conduit, however, the magnetic

VL TAGE

CURDUCTOR

N ! ? 4
TiMi [N

v

Figure 3-26 CORE-TO-SHIELD VUOLTAGE WAVEFORMS INDUCED IN CONDUCTORS IMN A
BURIED CUNDUIT BY AN INCIDENT PLANE-WAVE EXPONENTIAL PULSE e-t/1

flux density in the steel may hecome large enough to saturate the steel ard rrastically reduce
its permeability. It has been demonstrated that most ferromagnetic materials do not becoime
completely saturated instantaneously. ' As saturation beging, the surface impecance of the
saturated outer layer is much lower than thae surface impedance of the interior unsaturated
region, so that most of the current flows in the saturated layer. | the current is of sufficient

magnitude anct duration, it will eventually saturate the entire conduit wall, For transient
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currents of short duration, however, the erntire thickness of the wall may never saturate, so
that the ferromagnetic shielding properties may be maintainad even if partial saturation occurs.

Based on an analysis that assumes that the shield material is either com--
pletely saturated (4, = 1.0} or completely unsaturated, the depth of saturation is found to
be dependent an the charge transferred by the shield. For complete saturation of a tubular
shield by a single transient, the saturation depth must approach the thickness, T, of the
shield at some time t < 9s, giving

t
Q, = f ldt = raoB,T? (3-42)
0

where B, is the flux density at saturation, a is the radius of the shiold, and o is the conduc-
tivity of the shield. The charge Q, is the total charge that must flow along the shield to
saturate the shield material completely. For a current step function, Qg is therefore a
maasure of the tima required 1o saturate all the way through thu shield, since

0‘ = 'ot“g = WBUB'T:: - (3.43)

Any value of I yreater than that required 1o begin aatufation will aventually saturate the
shield all the way through, but the smaller the value of |, the longer it wili take to saturate
the shield completely. For a restangular pulse of width r and aniplitude iy, we have

lor = maoB,T? (3-44)

and the current |4 required to saturate the shield completely increases as the pulsewidth
decreases. Similor relations can be obtained for other pulse shapes. For an exponentlal
current loe~t/T, for example,

lo = maoB,T2 . (3-45)




The values of Q; are tabulated in Table 3-6 for rigid steel conduit with o = 6 X 108
mho/m and B = 1.6 w/m? (16 kilogauss). Note that for pulse durations of about 1 us, peak
currents of tens of megamperes are required to completely saturate 2-inch and larger con-
duits. Therefore, complete saturation of rigid steel conduits by the induced current from
the high-altitude EMP is uniikely.

34  CABLES IN NON-METALLIC CONDUIT
; 3441 GENERAL CONSIDERATIONS

As pointed out in Section 3.3, nonmaetallic conduit offers no shielding to the conduc-
tors inside the condult, Tharefore the electric field in the soil induces current and voltage
3 directly on the conductors in the conduit, and the high-frequency as well as the low-fre-
' quency spectra are important, The current induced on the cables may, in fact, be compeara-
ble to that induced on the metallic conduits discussed in Section 3.3, The currant differs
from that induced in the metal condult only hecause the conductors are not in direct con-
‘ tact with the soil. Thus the coupling to the conductors is through the capacitance between
: the conductor and the soil and through the terminating impedances at the ends of tha cable,

7 M

Because the cables are insulated from the soil by the conduit and by the air and cable
insulation inside the condult, the attenuation of inducad currents is somewhat less (particu-
larly at tow frequencies) than it is for conductors in difect contact with the soll. For conduc-
tors in direct contact with the soll {such as metallic conduits), the current is attenuated as
exp {~z/8), where § is the skin depth in the soil, and z is the distance along the conductor.

At low frequencies such that

we llogr,/a < 1
a \/58 {3-46)
log ~-— i
Yol |
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where ry Is the radius to the outside of the conduit and a is the effective radius of the con-
ductors, the admittance per unit length between the conductor and the soil is dcminated by
the capacitance of the insulation, and the attenuation constant is much smaller than 1/5.

At high frequencies where the admittance per unit length is dominated by the admittance of
the soil, howsver, the buried insulated conductor behaves in approximately the same man-
ner as the buried bare conductor. Because of the lower attenuation at low frequencies, the
conductors in nonmatallic conduits several hundred feet long may support current resonences
at frequencies of saveral hundred kilohertz (see Section 2.2.1).

When shielded cables are used in nonmetallic conduit, the cable shield provides some
protection for the conductor Inside. The shields on power cables are usually designed pri-
marily for electrostatic gradient control, however, rather than alectromagnetic shielding.
Thase shields arc often fabricated of thin copper tape spiraled around the conductor insula-
tion {with some overlap) to form a smooth outer conductor at low frequencies. Because
the contact resistance of the overlapped tape is large compared to the resistance of the cop-
per, the current in the shield tends to flow in the direction of the tape rather thau parallel
to the axis of the cable. Thus the tape-wound shield behaves as a solenoid, and at high fre-
yuencies the jewL| drop along this solenoid can be quite large (large enough to cause arcing
hetween the turns of the tape). This jcoLI| drop drives the conductor inside tha shield, and
because of the w dependance, the shield tends to readily pass the high-frequency spectrum
{in contrast to the steal conduit, which almost completely eliminates the high-frequency
spectrum)}.

34.2 CURRENT INDUTED ON CABLES

The current induced in buried insulated cables can be calculated in the same way as
the current in the aerial transmission lines described in Chupter Two, except the excitation
fieid is that at the surface (or just below the surface) of the ground and the characteristic
Impedance Z, and propagation factor v of the burled conductor are used to replace those
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of the aerial transmission line. Consider the buried, insulated conductor shown in Figure
3-26. If the conductor extenus from z = -V to 2 = 0, the current at the end 2= 0O is

1= , - ik’
HO) + Iy »———0-‘1 -e ki +~1—»~->';~—;/7~ poe 27

L 2 1+ jKk'/y
(3-47)
., N :
(R G e —
E ‘1 - p\poe Y
; r— ¢

CONIIUCTOR

©SOIL 0w :

INSULATION (4-')

Figure 3-28 BURIED INSULATED CONDUCTOR

whare
¥ - Propagation factor for the cable/earth line
' W H
k €08y 8in ¢
4
2y = Terminal impedance avz = - ]
Zg = Terminal impedance atz = §
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g, = (3-48a)
¢ Z\» + ZO
Zo = ZO

po = S (3-48b)
Zo + ZO

The current I is the short-circuit current at thu and z = 0 of a semi-infinite buried ¢con-
ductor extending from z = -eoto 2 = (. This short-circuit current is given by

) EEL‘ cos ¢ ‘_\/riJ’";
2oy 'sln ¥ sin w’ 1~ jk'fy

sgw

(3-49)

where 74 = ¢,/u (0 is the s0il conductivity), and the upper trigonometric function applies to

vertical polarization and the lower applies to horizontal polarization of the incident field
E; (see Figure 3-15 for spherical coordinate system),

The propagation factor y and the characteristic Impedance 2, are obtained from the
impedance per unit length Z and the admittance per unit length Y with

2o = J/2IY v = V2Y (3-50)

For low frequencies (f <. 0/27¢), the impedance per unit length is

o
WHo Ho 28
A [ Iogi—(— (3-51)
8 an Yod
where u, is the perrneability of free space (and he soil), & is the skin depth in the soil, a is
the effective radiuy ot the conductors, and y, = 1.781. ..




The admittanc® per unit length is

Y = jwC ————— {3-62)

where C; g the capacitance 7r unit length between the conductor and the soll, and Yj is the
admittanca per unit length of the soil. The capacitance |s

2re
logry/a

(3-83)

wnera rq i the radius to the outside of the conduit. The admittance per unit length Y, of
the soll is given by

V. = jwuoa « ano
' e Ho 25 J2o (3-64)
+ jw— log lo
8 an Yol Yol
Since wC/Y, << 1 when
/28
log =
we Yol
— <€ 1
] r
log —
a
it follows that
25
qu;--;—-
aft
Yot |1 - | e (3-56)
g r
log—
a
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at low frequencies. The impedance per unit length Z is, therefore, primarily inductive reac-
tance with a small resistive component R = wp,/8, and the admittancr per unit length Y is

primarily capacitive susceptance jwC; with a small conductive component

V28

27 log
2.2 r
g =2 Yol (3-56)
a r 2
(10s—=)

The sttenuation constant « Is,

R GZo
a = Rely) ==+ (3-67)

22@ 2

where R and G are given by the real part of Eq. (3-51) and £q. (3-56), respectively. The
characteristic impedance is

n 26 r
Zo = — e log "—\/— log -1 (3-68)
2n Yol a

where n, =+/uo/€ = 120m, The ptase tartor B'is approximately

lo \'/58
o e (3-59)

(V]
B =Imly] = ¢ log ¢1/e

The quantities o, 8/k, and |2, | are plotted in Figures 3-27 and 3-28 for a typical 4-
inch conduit in average soil. It is apparent that |21 is fairly Independent of frequency, p/k
is moderately independent of frequency =nd of the order of 3, and o Is strongly dependent
on frequency but so small that attenuation in propagating a few hundred feet is negligible at

frequencies below 1 MHz.
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The values of Z and Y can be substituted into Egs. (3-50), (3-49), and (3-47) to
g

evaluate the current in the conductors for frequencies f < ———. Numerical technigues can be

3
used to obtain the inverse transform of Eg. (3-47). Some approximations can be made that

permit estimates of the current 1 be obtained without extensive machine computations, In

Eq. (3-49), for example, the term Z,v can be approximated by

and the quantity jk'/y is

0
2oy = & = jw— log— = jw
2n

\/2_6 10u0

Y08 an

jk' kcos ycosy k'
Y g 8
400 i ]
)
< 8
| k
§ 300 == pon—
3
3
; 200 o _—
i %
i
g 0 = 10°? mho/m
100 ~— . . —
é € < 18
3<: o= 1in,
© r, = 2,26 in
ol 1
104 108 10

FREQUENCY — Hz

(3-60)

(3-81)

Flgure 3-27 CHARACTERISTIC IMPEDANCE Zo AND PROPAGATION FACTOR
B FOR CONDUCTORS IN A BURIED NONMETALLIC CONDUIT
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so that Eq. (3-49) becomes

E\V7T 1
IR I ALY Lol N PR (3-62)
1-k'/8 | sin ysing| iw

The terms 1 t jk'/y in Eq. (3-47) have been replaced by 1 + k'/8.

For an exponential pulse Eqe™'/7 whose transform is Eq/(jw + 1/7), the short-circuit
current ly; = above is the same as that given by Eq, (3-13) for a long, bare conduit. The
waveform of this current is shown in Figure 3-17 and its amplitude can be obtained from
Figures 3~18 and 3-19. Faor the finite length of conduit, this waveform is modified by the
exponential terms in Eq. (3-47), which in the time domain represent combinations of the
basic wavaform of Fiaure 3-17 with delay and attenuation,
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A plot of the induced current waveform for an incident exponential pulse of decay
time constant + = 0.5 us is shown in Figure 3-29 for a 100-ft-long ceble short-circuited at
both ends. For comparison, the short-circuit current |y o induced in a semi-infinite cable

is also shown as a dashed curve in Figure 3-29. The short-circuit current is normalized to
the quantity

o

2B, /ToT V' { cos ¢
N l (3-63)
gf; % 0-5)

sin psin ¥

1 where v = w/B. The upper trigonometric function applies to vertical polarization, and the
lower applies to horizontal polarization. For the waveform of Figure 3-29 the attenuation

o was neglected, and the phase factor 8 was assumed to have a constant value of 3k (see
Figure 3-27). |t is observed that the peak short-circuit current induced in the 100-ft-long
cables is almost as large as that induced in the semi-infinite cable, but it has more *'fine

‘ : structure'’ because of the end effects associated with the finite length, It is also observed

: that the value of |5 given above is the same as that given in Eq. (3-14) for a long buried
conductor if v = ¢, k/8 << 1, and the approximation of Eq. {3-60) is used for Zy/v = 257/jw.

LT L O i <

\ The source impedance of the Norton equivalent source associated with the short-
: circuit current is

F 1+ pqe""‘Y“ ;
2(0) = Z, . (3-84) |
. 1. er-Z‘yﬂ

where py is given by Eq. (3-48). The open-circuit voltage at the end z = 0, when the other
end has a reflection coetficient pg is, therefore,

| VoelO) = 1,:(0) 2(0) (3-65)
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CONDUCTORS IN A BURIED, NONMETALLIC CONDUIT

where Iy(9] s given by Eq. (3-47) when p, = -1, The voltage waveform is thus similar to
the current waveform except that the reviectad waves alternate in polarity. This can be seen

by examining the last turm (outside the braces) in Eq. (3-47): {
! . 29"
< 3 [oewer )" . (3-66)
1~ ppoe™?7t %%
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When p, = -1, as is the case for the short-circuit current atz = 0,

U o
1+ pwe"Q“I“ n";'o

[-pk,e‘zw] " , (short-circuit current) (3-67)

and when this is muitiplied by Z(0) to obtain the .pen-~circuit voltage,

\ 2 oy

3 1 [s] h

hﬂ Z(0) = = 2, E‘ [pwe"z“f“] " (apen circuit voltage).
14pe2rt 1oy eyt nao

(3-68)

The odd terms in the voltage series are thus opposita in sign to the corresponding terms in
the current series when P¢ = -1,

The open-circuit voltage wavaform is also plotted in Figure 3-29 (dotted curve) for
the 100-ft-iong cable with the end 2 = -0 short-circuited. The voltage Is normalized to
Vg = lg 2o, For the conditions assumed here and in Figures 3-27 and 3-28, a 50-kV/m
exponential pulse with & 0.6-us decay time constant would induce a short-circuit current of
600 A or an open-circult voltage of 90 kV at the end of the 100~ft-long cables in non-
metallic conduit.

3.4.3 TRANSFER IMPEDANCE OF CABLE SHIELDS

When the cables in the nonmetallic conduit are shielded cables, as is generally the
case for cables used between the potheads and ground-based transformers, the currents dis-
cussed in the preceding section are induced in the cable shields. As indicated in Section
3.4.1 the shlelds for these cables are often spiral-wound copper tape and the tape or spiral-
wound shield tends to behave as a solenoid wound about the internal conductors. There s,

therefore, strong coupling between the shield current and internal conductors. For large
dl/dt (Jw!), the voitage developed per turn can become large enough to produce arcing
between turns. (When this occurs, the shield actually improves, because the coupling is reduced).
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For a tape-wound shield in which the turns are noi .verlapped and have no contact
between turns,* the geometry of the shield can be 7' ..ined by the radius, a, of the shield and
the width, w, of the tape as illustrated in Figure 3-30. This geometry may also be defined
in terms of the spiral 1ngle 0 or the turns per unit length N, which are related through

w sin 0
cosq = — N = —— {3-69)
2ra w
and
2naN = tan 0 .

The shield current | has the same pitch as the tape and is assumed to be uniformly distributed
across the tape width, w.

The transfer impedance of the tape-wound shield g4

1 dv Jwikg
Zr m— a2 +(z+ )t 29 (3-70)
T | Tz TO i n an

where Z10 = Rg and 2; = RyyT co h 4T, T is the tape thickness and v = {1 +j)/6

sinh 4T
(6 is the skin depth in the tape). The magnitude of the transfer impedance Z1, normalized
to the low-frequency transfer impedance Ry of a cylindrical tube of the same wall thickness,
is shown in Figure 3-31 for various spiral angles 0, The low-frequency transfer impedance
R, is the dc resistance per unit length of a tubular shield of radius a and thickness T. Under
this normalization we obtain

Zy T T2
— = — 4 [T cothT+ j(---) 2 n2o (3-71
Ry  sinhT 5./ T

*That is, the contact resistance is large compared to the resistance of ane turn of tape.
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ILLUSTRATION OF PARAMETERS FOR A SINGLE-LAYER TAPE-WOUND

where §, Is the skin depth for a nonferrous shield (1 = u,), whether or not the material is
rts farrous, with a conductivity o, In Figure 3-31, a/T = 10.

From Figure 3-31 it is apparent that for low fraquencies {T/8, << 1) the transfer
impedance increases with incraasing spiral angle 0. This follows from the fact that a larger
spiral angle 9 is accompanied by a narrower tape (smaller w) and more turns per unit length

{larger N}. Thus the tape required to wind a unit length of shield is longer and narrower, and
has a large resistance, for large spiral angles.

At high frequencies (T/8, >> 1) the transfer impedance is dominated by the induc-
tance term, which Is praportional to (T/84)2. The magnitude of the transfer impadance

again increases as the spiral angle n increases, hecause the number of turns per unit length and
the inductance per unit length increase.
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Similar expressions have not been developed for the overlapped taps-wound
shieids, but the high-frequency characteristics of a single-layer-overlapped shield with tape
width w and overlap width wy can be obtained by substituting w - w, for w in Eq. (3-68).

At low frequencies (T/5 << 1) the transfer impedance obtained with this substitution will !
be too large by a factor w/(w — wy), however, and at very high frenniencies, the capacitance
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between the overiapped turns will begin to short out the inductance so that the magnitude
of the transfer impedance will reach a maximum and then begin to decrease,

Between the low-frequency (resistive) region and the high-frequency (capacitive)
region, the tape-wound shield behaves as a solenoid of inductance per unit length

M
L= — tan20 (3-72)
4r

which, for a winding angle 0 = 45°, is 0.1 uM/m. For current rates of rise of tens of kilo~
ampeures per microsecond that might be induced in the cable shield by a 60-kV/m incident
exponential field, the voltage induced between the conductor and the shield would be

di
Vel 10-7 X 10'0 =103 y/m, (3-73)

Thus, several kilovolts per meter would be induced on the conductors insids the tape-wound
shield, vcompared to less than 1 V/m for conductors inside strel conduit, Typlcal service~
antrance cables cannot he considered electrically short at the fraquencies penetrating the
tape-wound shield. For this reason, a transmission~line solution such as that described in
Eqs. (2-3 through 2-5), in which E, = 1271, is required to obtain the waveform of the
induced voltage,

Shislds formed with a longitudinal overlapping seam (0 = 0) and multilayer spiral-
wound shields with aiternating winding directions for alternate [ayers display a much smal-
ler inductive coupling effect (typically less than 1 nH/m). Even these shields are much
poorer than rigid steel conduit, however, because they are thin (usually a few mils) and non-
ferrous (copper ot aluminum}. For example, a 6-mil-thick longitudinal copper-tape shield
on a 3/4-inch-diameter cable has a dc resistance of 2.3 X 103 ohm/m and a cutoff frequency
(at which T = §) of 2,7 X 108 Hz, while a 4-inch rigid steel conduit has a de resistance of
only 8.1 X 1078 ohm/m and a cutoft frequency of only 2.3 Hz. Thus the gain-bandwldth
product (R, fs) for the thin copper shield is about 3 X 108 times greater than that of the
steel conduit, As a1asult, one can usually neglect the effect of the cable shiegld, on shielded
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cables routed through continuous steel conduit, When the cable shield is the only shield

protecting the conductors from the fields in the soil, however, its shielding properties are

important in the analysis of the current and voltage induced on the conductors.
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Chapter Four

PROPERTIES OF DISTRIBUTION
TRANSFORMERS

41 INTRODUCTION

411 EFFECTS OF TRANSFORMERS AND LIGHTNING ARRESTERS

The commercial electric power for operating ground-based facilities is typically
supplied from three-phase distribution lines with a three-phase ground-based or pole-
mounted transformer bank at the facility to reduce the voltage to 120, 240, or 480 V.
Three single-phase transformers are usually used for the three-phase system. The low-
voltage leads from the transformers are carried into the facility in plastic or rigid steel
conduit. |f the power system is subjected to the EMP of a nuclear detonation, extremely

large voitages will be induced in the long, above-ground transmission lines supplying the ¢
primary side of the transformer. Part of this induced voltage will be passed by the

transformers and will enter the facility on the low-voltage power conductors. In addition,
the induced voltages can be large enough to fire the lightning arresters installed between
the primary terminals of the transformer and ground. However, because of the fast rise
time (tens of nanoseconds) of the induced voltage, the lightning arresters fire at much
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higher voltages under the EMP excitation than they do with the more slowly rising lightning
transients.

Single-frequency, or continuous-wave (CW), measurements of transformer transfer
characteristics indicate that distrioution transtormers of different manufacturers and
winding design are quite similar to each nther. All transformers display a bandpass-filter
characteristic for common-mode excitation, with the frequencies below a faw hundred
kilohertz suppressed by the interwinding capacitance and frequencies above about 10 MHz
suppressed by the hushing inductance. Generally, the type of winding, the manufacturer,
and even the kVA rating have no major effect on the transfer characteristics, although each
transformer has its own fine structure — for example, in the voltage transfer functions.

The results of transient tests of the transformers at excitation levels below the
lightning-arrester firing threshold show that the rise times of the primary current and the
secondary voltages are stretched by the transformer bushing inductance, and the late-~time
response of the secondary voltage is suppressed by the interwinding capacitance. Thus,

a fast-rising, wide-excitation pulse applied to the primary terminals produces a narrow
pulse with a slower rise time at the secondary terminals, The peak secondary-terminal
voltage for a 1-V common-mode step excitation of the primary terminals is 0.2 to 0.3V,

with a time-to~peak of about 70 ns and a principal response duration of about 200 to
400 ns.

At an excitation level of about four times their rated voltage, distribution lightning
arresters fire and limit the primary voltage, Near the threshold, 160 to 200 ns are required,
after application of primary excitation, for the lightning-arrester spark gaps to ionize and
become condugting. As the excitation level is increased, this time lag is decreased, but
fast-rising excitation voltages may reach very large values before the lightning arresters
fire. Because of the inductively limited rate of rise of the primary current, however, it is
theorized that most of the initial applied voltage appears across the bushing inductance,
rather than across the winding insulation. The shortest time~to-fire that has been observed
experimentally was 40 ns, at a firing voltage of about ten times the rated voltage (2.5
times the static firing voltage). 1t has been observed, however, that in spite of the large peak
voltagas that can be attained befote the lightning arrester fires, the lightning arrester always
fires before any of the transformer insulation (e.g., bushings, winding insulation) fails. Thus,
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the lightning arresters appear to be effective protective devices for the fast-rising EMP
transients as well as the slower-rising lightning transients.

The effect of the lightning-arrester firing on the secondary voltage waveform has
also been examinad. At excitation levels anly slightly greater than the firing threshold, the
lightning-arrester firing has very little effect on the peak secondary voltage, because the
firing time-lay is about as wide as the main secondary response (about 200 ns), At greater
excitatiun levels, where the firing time-lag is significantly lass than 200 ns, the peak
secondary voltage ceases to increase linearly with the excitation level. At still greater
excitation levels, where time-to-fire is equal to or less than the time-to~peak of the secondary
voltage (In the absence of tha lightning arrester), the peak secondary voltage becomes virtually
indapendent of the excitation level. For the 7.2/12.6-kV transformer exhibiting the
) strongest common-mode coupling, this saturation level was about 30 kV at the secondsry
terminals. The lightning arresters at the primary terminals are therefore effcctive in Himiting

¥ the EMP-induced throughput of the transformers as well as in protecting the transformar
' from damage.

et

Ay

4.1.2 TRANSFORMER CONSTRUCTION

ks Power transformers are available in a variety of shapes and sizes; the discussion here _’
is limited to a presentation of the major characteristics of the oil-insulated distribution
transformers of the type commonly used for single-customer service. {n tnese transformers,
the transformer core and windings are submaersed in a matal tank of insulating oil that circu-
lates by natural ur forced convection, Glazed porcelain feedthrough bushings provide access
to the transformer windings; tha larger primary bushings are commoniy mounted on the tank ;
lid, while the smaller secondary bushings are usually arranged along ona side of the tank {above '
the internal oil luvel, Figure 4-1 shows a photograph of two pole-rounting transformers, '

The intarnal construction of a typical transformer is illustrated in Figure 4-2 with
the photographs of a 26-kVA G.E. unit taken from the primary and secondary s'des when
the core and wind:ngs were removed from the housing for a final damage insps tion. The
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Figurs 4-1  TYPICAL POWER-DISTRIBUTION TRANSFORMERS

switch and knob visible in the photoyraphs are part nf the primary-side tap changer. The
single primary winding is actually split in the center and several taps are made on each side;
this permits the number of primary turns to be varied somewhat to compensate for slight
undervoltages (the adjustment range Is +0, -10% in 2.6% steps). The types of windings and
insulation used in the transformer depend on the time of manufacture of the transformer.
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Older transformers are wound with round or rectangular copper wire with paper ar carnbric
insulation (in addition to oil) between layers. At the time of this writing, however, common
practice is to use aluminum strip for the secondary windings. Because economic factors
dictate the design of power transformers, the relative costs of copper and aluminum and

the cost of manufacturing processes at the time of manufacture have strong influences on

transformer construction.

In shell-type transformer construction (illustrated in the inset in Figure 4-2) the
transformer core commonly consists of two roughly square cores butted together along
one side, with the windings linking each hollow square. The windings of tha transformers
consist af concentrically layered primary and secondary windings with the primary (high-
voltage) winding sandwiched between the sacondary windings. This construction contributes
to asymmetry in the coupling between the primary and the secondary windings. A simple
rectangular core with windings on two legs of the core is also used in some power transformer

designs.
Basic types of cooling used for distribution transformers are referred to by the
following designations: !

¢ OA - Oil-Immersed Self-Cooled. In this type of transformer the insulating oil
circulates by natural convection within the tank (see Figures 4-1 and 4-2).

o OA/FA — Oll-Immersed Self-Cooled/Forced-Air Cooled. This type of transformer
is basically an QA unit with the addition of fans to increase the rate of heat transfer

trom the cooling surfaces.

e OA/FOA/FOA ~ Qil-immersed Self-Cooled/Forced-0Oil Forced-Alr Cooled/Forced-~
Oil Forced-Air Cooled. OA rating increased by the addition of some combination

of fans and oll pumps.

¢ FOA - Oil-immersed Forced-Qil-Cooled with Forced-Air Cooler.

¢ OW — Qil-lmmersad Water-Cooled. In this type of water-cooled transformer,
the cooling water ruiis through coils of pipe that are in contact with the ingulating

oil of the transformer.
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FOW - Oil-Immersed Forced-Qil Cooled with Forced-Water Cooler. External

oil-to-water heat exchangers are used in this type to transfer heat from oif to
cooling water.

AA — Dry-Type Self-Cooled. D' y-type transformers, available at voltage
ratings of 16 kV and below, contain no oil or other liquid to perform insulating
and cooling functions,

AFA - Dry-Type Forced-Air Cooled. This type of transformer has a single
rating, based on forced circulation of air by fans or blowers.

AA/EA - Dry-Type Self-Cooled/Farced-Air Cooled. This design has one
rating based on natural convection and a second rating based on forced circulation
of air by fans or blowers,

Standard Impulse tests are conducted on distribution transformers to ensure that
the bushings and winding insulation meet the basic insulation level (BIL) specified for
their type, power, and voltage class, Transformers in a given BIL class are tested to

the levals given in Table 4-1. The three basic insulation tests specified by the American

( Standards Association are:

—

ey

e

m

(2)

(3)

The full-wave tast with an impulse that reaches its crest in 1.6 us and decays
to half its crest voltage in 40 us.

The chopped-wave test in which the impulse is truncated by an air-gap
firing after the specified minimum time-to-flashover has elapsed. Only the
leading edge of the impulse is applied to the transformer, since the air gap
chops the tail off the impulse after the specified minimum time.

The low-frequency test in which about twice the rated voltage at about twice
the rated frequency is applied for no longer than 1 minute.

The transformer high-voltage bushings and windings must be capable of withstanding these
tests whan applied between the two high-voltage terminals and when applied between either
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Tabie 4-1

' STANDARD INSULATION CLASSES AND DIELECTRIC
TESTS FOR DISTRIBUTION AND POWER TRANSFORMERS

S T - Impulse Tests
Rated Voltage Between Terminals Low-Freguency Qil~immersed Trans-
of Power-Transformers(®/ Tests formers 600 kV A or
Less
Rated Single-Phase 3-Phase Qil- Chopped Full
Volt- e or v- | For Delta-|Delta or Y- |'Mmersed | Ory Wave Wave'
age of Type (Type
(KV) Connection | Connection | Conngcted (kV rms)|(kV rms) Minimum
pon 3-Phase |on 3-Phase | (kV rms) Time to
System{¢! | System Crest | Flash- |Crest
{kV rms) (KV rms) (kV) |over{us) | (kV)
1.2 069 | 06gld 1.2 10 4 38| 1.0 30
! 2.5 - - 2.6 18 10 64| 125 45
: 6.0 289 | 2.80ld) 5.0 19 12 69| 1.8 B0
1 8.66 5.0 6.00'd! 8.66 26 19 88| 1.6 75
18 8.66 16.0 16.0 34 31 110| 1.8 86
: 25.0 14.4 25.0 26.0 80 - 176 3.0 160
" 34, 19.9 34.6 34.5 70 - 230| 3.0 200
] 48.0 26.6 48.0 48.0 p5 - 200| 3.0 260
] 69.0 30.8 69.0 69.0 140 - 4006| 30 350
82 53.1 92 92 186 - 20| 3.0 450
, 116 66.4 15 116 230 - 6830| 3.0 850
E- 138 79.7 138 138 27% - 750| 3.0 650
‘ 161 92.0 161 161 325 - 866| 3.0 780
k 196 113 196 196 396 - 1036| 3.0 200
3 230 133 230 230 460 - 1210 3.0 1050
287 166 287 287 6576 - 1600 3.0 1300
345 189 348 690 600 - 1786| 3.0 16860
Notes: (o) Intermadiate voltage ratings are placed in the next higher insulatian cleas uniess otherwise specifisd.
ib}  Standard Impulse tests have not bean eatablished for dry-type distribution and power transtormers.
Prosent-day values for impulse tests of such apparstus are ey follows:
1.2-kV clats, 10-kV; 2,6-kV class, 20 kV; 6,0-kV class, 25 kV; 8.88-kV glen, 356 kV; 18-kV clas,
80 kY. Those values apply to both chopped-wave and tull-wave tess, ;
{c) ¥ -connectad transfarmers {or oparation with nautral solidly grounded or grounded through an impedance ‘
may have reduced insulation at the neutrsl. Whan this reduced insulation s balow the level required for
doits operation, transformaers cannot be operated delts-nonnected.
d) Thuse transtormaers aru insuleted tor the test voitages corresponding to the Y connection, so that a single

line of spparatus serves for the Y and delta applicstions. The test voitages for such delts.connacted
singla-phose translormars are theretore one 1tep higher than naeded for their valtage rating.

(e} 1.5 x 40-us wava.
Source: Ref. 1,
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terminal and the case. The impulse tests are to be conducted with normal 80-Hz anergization,
and timed to ensure that the impulse is applied within 30° of the 60-Hz crest.

4.1.3 LIGHTNING-ARRESTER CONSTRUCTION

7i a2 valve-type lightning arrester is a teries combination of a tpark-gap assembly and
a nonlinsar resistance elument. The non-linear resistance element is voltage-sentitive; its
resistance decreasss exponentially with the voltage across it. The valve elemants are non-
linear resistors made of silicon-carbide crystals,

The spark-gap assembly Is designed to minimize the tinie from avervoltage onset to
firing and to minimize the time duration of any 80 Hz current tlow. The first dbjoctlvo is
frequently accomplished by use of a *‘preionizer.” Thu latter objective !s accomulished by
extending the arc’s path length and/or by breaking the arc up into 8 number of paralial,
series, or rotating arcs. This tends to cool {delonize) the arc and help ensure that the arc is
extinguished at or bafore the end of the half-cycle in which the surge or overvoltage ocours.
The gap and valve assembliss of a lightning arrester are generally hermetically sealed in a
glazed porcelain hody and provided with an external, open-air spark-gap in series with the
arraster, Flgure 4-3 shows the internal construction of a typical valva-type lightning arrester.
Lightning arresters may be designed as a part of another unit, such as a fuse or a cutout

switch, Figura 4-4 shows thres arresters; two are combination units that include open-link
fused cutout switches,

Lightning arresters are installed with the gap side of the arrester connected to the
line and the opposite end grounded. In the absence of a voltage surge, all of the line
voltage appears across the open gap and none is impressed on the valve element (which
typically has a maximum resistance of a few thousand ohms). If the arrester is subjected to
an overvoltage with a magnitude sufficient to arc across the gap assembly, the resistance ot
the gap assembly s reduced to a negligible value, subjecting the valve element to the entire
surge voltage. This causes the valve-element resistence to undergo a rapid decreass, thereby
forming a low-resistance path to ground through which the surge can b ¢'ssipated.
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Figure 4-3  INTERNAL CONSTRUCTION OF A VALVE-TYPE LIGHTNING ARRESTER

After discharge of the surge voltage, the voltage across the arrester drops back to
the normal line voltage, This voltage is not high enough to initially fire the arrester’s gap
assambly, but it would be adequate to maintain the external arc initiated by the avervoltage
if it ware not tnat (1) the line voltage iz insufficient to maintain the low resistance of the
valve elemant (which therefore raturns to a high value) and (2) the internal gap assemblies
are designed to extinquish the lower current permitted by the high resistance of the valve
elament,

The rapid ircreasa in the valve clement’s resistance causes a substantial reduction
in the 80-cyclo power current; older-style arresters relied on this to reduce the current flow
to a value low enough that the yap ussembly could 4ot w extinguish the arc at or before the
next system voltaye zero. This subjects the valve element to considerable currents for a
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Figure 44  LIGHTNING-ARRESTER STYLES USED IN CONJUNCTION WITH THE
TRANSFORMER HV TRANSIENT TESTS

potentially extendad period of time; modern arresters are designed to transfer much of this
responsibility for 80 Hz current-limiting to the arrester gap assembly itself. The major
benefit of this design is that the valve elemeants can have lowar discharya rusistances, which
decrease the arrester’s IR drop. This IR drop is the voltage applied to the devices or circuitry
that the arrester is intended to protect during an overvoltage surge. 1.2

Typical firing characteristics of distribution-type lightning arresters are shown in
Section 2.6.3,

42 LINEAR CHARACTERISTICS OF TRANSFORMERS
4.2.1 ANALYSIS OF TRANSFORMER COUPLING CHARACTERISTICS

The linear, high-frequency behavior of power transformers has been studied in con-
nection with their response to lightning trangients and their effact on the power-ling carrier
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communication systems,3:4.9 Unfortunately, the analytical treatmients of the transformer,
in ordar to be tractable, tend to be highly idealizad; the madels obtainaed therefrom must be
accepted with due regard for these idealizations, Two areas in which the models fail to ace-
quately describe the transformer are in the primary bushing impedance (which is probably
not significant for lightning transients, but is for EMP), and in the symmetry of the windings.
In addition, most of the modals seem to imply that a common-mode primary excitation
produces no differential-mode secondary response because both the primary and secondary
windings are assumed to be symmaetrical with respect to the core and with respect to each
other. In practice these windings are far from symmetrical in either respect, so that

coupling in the above mode is significaint,

The linear response of power transformers can be analyzed by treating the primary
and secondary windings of the transformer as coupled transmission lines.3:4:8 The windings
sre characterized as illustratad in Figure 4-5 by (1) nductances Ly and Ly and rasistances
Rq and Rz per unit length shuntad by the turn-to-turn capacitances per unit length, Cyx and
Ch: (2) capacitances per unit length Cq1 and Ca2 batween the winding and the core or
housing; and (3} a capacitance per unit langth Cqz batween the primary and secondary
windings and a mutual Inductance M hetween the primary and secondary turns, Coupling
between the primary and sscondary at low frequencies (a.g., power frequencies) is primarily
through the mutual inductance M, but at high frequencies the capacitances Cx and Cp, carvy
most of the current betwaen tha terminals, and the coupling between primary and secondary
windings is primarily through the intarwinding capuacitance C12. The manner in which one
divides all frequencies into low and high frequencies is dependent on the power and voltage
rating of the transformer, since the turn-to-turn capacitances C, and Cy, and the primary-
to-seconclary capasitance Cy9 are dependent on number of turns, size of wire, and compact-
ness of windings. For example, measurements on a 9.5-kV/220-V service transformer have
shown that the primary turn-tu-turn capacitance Cy is dominant above 2.4 kHz, but the

secondary turn-to-turn capacitance Cy Is not dominant until frequencies well above 23 kHz
are reached,

Thus, ¢ complote and accurate analysis of the linear, transient behavior of a trans-
former at higher frequencies must take into account the interwinding capacitances, as well
as the selt and mutual inductanc 1 of the winding. Furthermore, as is pointed out in
Refs. 3 and 4, an important difference exists between the transmission-line model of the

transformer windings and the conventional transmission ling, regarding the self and mutual
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wit inductance of winding
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* winding=to-froine cepacitance

inductance of bushing
capacitance of bushing

Figure 4-6 TRANSMISSION-LINE MODEL FOR COUPLED TRANSFORMER WINDINGS

inductance per unit length. This difference is related to the fact that the inductance (self
or mutual) of a turn is a function of the position of the turn in the whole winding. For
example, a turn in the center of the winding is coupled to other turns on either side of it,

while a turn at the end of the winding is counled to other turns on only ona side. Reference
3 proposes a parabolic variation of magnetic flux partially linking the turns, with a maximum
partial flux linkage at tha center of the winding and the flux linkage decreasing toward the
ends of the winding and reaching zero at some point beyond the end of the winding. This
varlation in flux linkage leads to self and mutual inductances that are functions of position.
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The result is a set of two coupled fourth-order differantial equations relating the mutual and
self-inductance voltages of the primary and secondary windings — i.e.,

atv 3

ShA +jw-£—[L1|L1 +M|L2]=0 (4-1)
ax? ax

64V2 a

—— +jw —[L2l2 * MIgq] =0 (4-2)
axd ax

Whare V4 Is the voltage on the high-voltage winding and V2 is the voltage on the low-

voltage winding (both referred to the transformer core and frame}, and L4. L2, and M are
the self and mutual inductances.

A detailed solution of Eqs. (4-1) and (4-2} appears in Refs, 3 thraugh 6. The
rasuits are

(98 - 6882 (L1Cy + LaCu) + P2 [LiCr1 + LaCaz + Cra (L1 + L - 2W)]
+p%s® (L1L2 - M2) ChCy + p2s* (M2 - LyL2) (CxC11 + CxCy2 + ChCy2 + CnC22)
+¢4 (L1L2 - M) (C11C22 + C11C12 + C22Cq2) | V=0 (4-3)

where

pt = a"/ax" and §" = (jw)" or a"/Bt",

The solution to this eighth-order differential equation depends on access to a great deal of
information not normally available and not readily determined from measurements made

at the transformer’s terminals. In addition, the winding resistances Ry and Ry have not been
included in the voltage equations. Finally, for distribution-type power transformers, the
lumped bushing capacitance Cy, and Inductance Ly, in Figure 4-5 play an important role In
determining the coupling between the primary and secondary windings, since they behave

as L.-section filters between the transformaer terminals and the windings at high
frequan(‘.ies.e"7
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it is informative to examine the behavior of the transformer at-the extremes of the

: frequency range. As w approaches zero, for example, all capacitive susceptances become

| small and we are left with only the self- and mutual-inductance terms in the equivalent
circuit of Figure 4-5 (the winding resistances have been neglected). In addition, because

. the windings are short compared to a wavelength at low frequencies, the distributed self

% and mutual inductances can be adequataly represented by lumped self and mutual inductances
as illustrated in Figure 4-6(a), where the equivalent circuit of an ideal transformer is shown.

' The practical equivalent circuit containing copper losses (winding resistances) R1 and Rz,

E and core loss Rg, is shown in Figure 4-6(b) with all impedances referred to primary side.

At the high-frequency extreme, ¢, approaches infinity and the capacitive reactances
carry all of the current, leaving none to flow through the self and mutual inductances of

Ht X1

H2 O -0 X2
(s} IDEAL TRANSFORMER

Ry Ly Ly/n?  Ry/n2
H1 OAAA~ Y\ NN AAAFO X
kg - |, - nl2
] n
] H2 O - X2
n = TURNS RATIO Ny/N, b = Ly

' - N +
Ly =Ly - M/, Ly = Ly = Myo/L,

{s) PRACTICAL EQUIVALENT CIRCUIT

Figure 4-8 LOW-FREQUENCY EQUIVALENT CIRCUITS FOR :
A TRANSFORMER
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Figure 4-5 {except the bushing inductances). The differential equation for the voltage in
either winding becomes

d*Vv  CxC11+CxCy2 +ChCy2 + ChC22 g2V  C11Co2 + C11Cq2 + C22Ch2 Va0 (4-8)
dx? ChCx dx? C).Cyx

and u.2 high-frequency equivalent circuit becomes that illustrated in Figure 4-7, The stray
Inductance and capacitance associated with the bushings has been retained in Figure 4~7(a)
because these small inductances are significant in the high-frequency response, and they

are not bypassed by capacitances as are the winding inductances, Notice that the distributed
capacitances Cy, Cx, C11, C22, and Cq2 torm a capacitive network that couples:

(1) The primary terminals to each other and to the case or core
(2) The secondary terminals to each other and to the case or core
(3) Each primary terminal to each secondary terminal.

A rough lumped-element equiva'ent circult is shown in Figure 4-7(b) in which the distributed
winding capacitances have bean replaced by lumped capacitances between windings,

between terminals, anc between terminals and ground (case or core), Even with this
simplification, the relation betwaen primary and secondary currents and voltages is not

simple, but the coupling paths are more obvious and the bandpass nature of terminal-to-
terminal coupling caused by the bushing inductances and the bushing and winding capacitances
is apparent,

The analytic model of Figure 4-b is probably a good representation of a bifilar-
wound 1:1 transformer, but for typical power transformers that have separate primary and
secondary windings the analytic modal is only a crude approximation at high frequencies,
It Is nevertheless a useful aid in interpreting the transient behavior of practical power trans-
formers. !t is also significant that, because the primary windings of transformers are
dominated by the turn-to-turn capacitance above a few kilohertz, the high-frequency
equivalent circuit may be applicable throughout the 10-kHz-to-100-MHz frequency range
of interest here.

216




Ch T €Lz
PRIMARY  WINDINGS  SECONDARY
BUSHINGS BUSHINGS

{b)  APPROXIMATE LUMPED-El EMENT CIRCUIT

Figure 4-7 HIGH-FREQUENCY EQUIVALENT CiRCUITS FOR A TRANSFORMER

4.22 DISTRIBUTION OF VOLTAGE ALONG THE WINDINGS 1

The distribution of & transient voltage along a transformer winding can be estimated
from the distributed-parameter circuit modsl of Figure 4-5. The resuits of calculation with
such a model (without bushings) predict that when a fast-rising voltage reaches a terminal
of one winding of a two-winding transformer, the voltage is initially distributed nonuniformly \
in both windings due to the effect of the turn-to-turn capacitance, the capacitance-to-
ground of each winding, and the mutual capacitance betwean the windings. Following this
initial capacitively coupled transient, both windings go into oscillation due to the interaction
of their inductances and capacitances. }

Figures 4-8, 4-9, and 4-10 show plots of calculated voltages In the windings of a ‘
singla~-phase transformer when stressed at the high-voltage terminal with a fast-rising voltage. ‘
The neutral of the primary winding and both of the terminals of the secondary winding of
the transformer are assumed to rise to a peak of 330 kV in 10 ns,
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360

' e PRIMARY VOLTAGE Figure 4-8 shows the spatial dis-
300 “~ " SECONDARY VOLTAGE tribution of the voltage inside the pri-
mary and secondary winding for early
2650 times during which only the winding
( 5 Y capacitances are playing a role. The
; T 200 spatial coordinate [s the distance along
; 4 \\ the axis of the winding, which is as~
, E 180 sumed to be cylindrical in shape. The
: s zero of the spatial coordinate is as-
] 100 s sumed to be at the high-voltage termi-
1.0 m nal of the winding, with 100% of the
E 50 | 10 ny winding having baen traversad upon
] reaching the neutral. It is clear from
‘. 0 3‘ ‘ Figure 4-8 that for iimes of the order
0 AXI AI'.ODIST A:gE . ;&m m:'o' ength 50 ot the rise time of the pulse, the voltage
HV TERMINAL NﬂL applied to the high-voltagy terminal

: does not distribute itself uniformly over
Figure 4-8  SPATIAL DISTRIBUTION OF the entire winding but *ends to pile up
WINDING VOLTAGE AT EARLY TIMES,

Source: Ref. B. acrous the first 40% of the turns nearest
] the high-voltage terminal. Hence, the

:‘1 peak applied voltage of 330 kV is impressed upon the insulation of these first turns elone

: and, depending upon the insulation strength, could cause breakdown. From Figure 4-8 it

H‘fo Is also apparent that the voltages in the sacondary windirg due to tha various winding
capacitances are much less than those in the primary.

e e

After the initial transients shown in Figure 4-8, which propagate through the wind-
ings by means of the turn-to-turn capacitance, the capacitance to ground and the mutual
l’ capacitance, oscillations are set up due to the combined effect of the winding inductances
; and capacitances. This behavior is shown In Figures 4-9 and 4-10. The oscillations become
t apparent only for times of the order of or greater than the first natural period of the wind-
Ings, which lies in the range of a few microseconds for the secondary winding, By these
times, the voltage at the high-voltage terminal of the primary Is also beginning to decay, but
because the natural frequency of the primary winding is much lower than that of the secoi-
dary, only the beginnings of an oscillation are apparent in the primary voltage distribution.
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The results shown in Figures
4-8 through 4-10 are indicative only
of the qualitative behavior of a station
transformer stressed by EMP, because
of the waveform assumed and because
the clrcuit constants for the
transformer can be estimated only
crudely. In addition, because the
inductance und capacitunce of the
bushings ere neylected in the calcu-
lation of the voltage distributions
shown in Figures 4-8, 4-9, and 4-10,
the assumed rate of rise (33 kV/ns) is
considerably greater than that actually
applied to the winding by an EMP-
induced voltage. For example, a 300~
ohm line feeding 4 100-pF bushing has
a rise time-constant of 30 ns, so that
even a step-fronted wave would have
it rise slowed to about 60 ns upan
entering the transformer,

4,23 CWMEASUREMENTS OF TRANSFORMER CHARACTERISTICS

Viewed as a multiterminal network, the ypical distribution transformer of the types

discussed hiere must be considered a 7-terminal davice, because thare are two primary termi-

nals, four sacondary terminals (two for each winding), and a ground or case terminal. A

large numbur of measurements are 1equired to specify the equivalent impedances between

the terminals ot a 7-terminal device, and even with these impedances specified,
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considerable complex algebra is required to apply the equivalent circuit to a practical trans-
former coupling problem. To avold this complexity, the complete definition of the equiv-
alent network has been compromised in favor of obtaining readily usable equivalent circults
that are representative of those encounterer in typical transformer installations.” Thus,
instead of defining a 6- or 7-terminal network, we have defined the four 3-terminal
networks illustrated in Figure 4-11.

Low-level CW measurements of the voltages and currents necessary to specify the
elements of the T-networks 61' Figure 4-11 have bobn made vver the frequency range from
10 kHz to 60 MHz for each of four transformers’ (see Table 4-2). To illustrate the simi-
larity of the transfer characteristics of the transformer and to illustrate the dominant
features of the coupling analysis discussed ahove, the ratio of the voltage deliversd to a
100-0hm load across the undriven terminals to the driving voltage has been computed for
each transformer for each of the four configuretions of Figure 411,

Table 4-2

PROPERTIES OF CL.ASS OA TRANSFORMERS USED IN CW AND
TRANSIENT MEASUREMENTS

Unit Power Voltage Rating Manufacturer Secondary
No. |Rating (kVA) V) Winding
1 25 7200/12470 Y — 120/240 | General Electric (new) | Aluminum strip
2 25/28 13200 — 120/240 | Allis-Chaimers (used) | Copper wire
3 25 7200/12470 Y — 120/240 | Westinghouse (new) Aluminum strip
4 50 7200/12470 ¥ — 120/240 | A"ls-Chalmers {new) Aluminum strip

The voltage transfer function for the comrmon-mods configuration of Figure 4-11(d)
Is shown in Figure 4-12 for each of the four transfurmers, The average . ansfer characteristic
tor all four transformers Is also shown in Figure 4-12. It is apparent from Figure 4-12 that
the coupling to the 100-ohm load is dominated by the interwinding capuacitance in the low-
fraquency range betwaen 10 kHz and about 1 MHz. The average interwinding capacitance
from Figure 4-12 is sbout 1000 pF in *his configuration. Also apparent Is the effect of the
bushing capacitance and the lead inductance associated with the primary bushings and the
leads to the secondary bushings in reduring the voltage transfer tunction above about
10 MHz. in spite of the fact that two different power ratings, two different winding types,
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and three difierent manufacturers are represented by the four transformers, their common-

mode voltage transfer charactaristics are remarkably similar.

Similar results for the common-mode excitation and differential-mode output of
Figure 4-11 {a) are shown in Figure 4-13, Although the four transtormers are similar in
this mode also, the deviations ot the individusl transformars from the mean is greater,
As can be seen in the approximate equivalent circuit of Figure 4-7, the coupling for
common-mode oxcitation (H1 and H2 driven against ground) and differential-inode loading
(X2 grounded and 100 ohms betwean X1 and ground) is achleved through the asymmetry
of the windings (the asymmaetry occurring naturally due to the construction of the trans-
former as well as that introduced by grounding the terminal X2), This voltage transfer
function is thus more depandent on the winding-to-case capacitance and the turn-to-turn
capacitance than are the common-mode transfer functions of Figure 4-12. Thus the type
and form of the sacondary winding are probably responsible for the ygreater varlation among
the transformers in Figure 4-13. in spite of this, however, the similurity ot the four trans-
formers is quite striking, 1t is noteworthy that in this coupling mode also, the transformer
displays u likenass to a bandpass filtar,

Figure 4-14 illustrutes the voitage transfer characteristics for the common-mode
secondary excitation and differential-mode primary loading of Figure 4-11 (b), The
coupling mechanism for this configuration is siinilar to that in the preceding example, except
that the forced unbalance (caused by grounding H2) is now In the primary winding, Because
there 15 only ane primary winding and it is, in all four cases, placed between the sccondary
windings, cuipling in this mode is undoubtodly more strongly depencdent on the inter-
winding cupacitance thar on the prit ary-winding: wo -ground capacitance. The observed
similarity amony the transfur characteristics in Figure 4-14 1s quite striking, and ayain the

bandpass-filter characteristics are apparent,

The voltage transfer characteristics for difterantial-mode excitation and differential-
mocle loading | see Figure 4-11 (o) ] ure shown in Figure 4-15, For this configuration, as
for the other configuration involving a differential-mode secondary, thare Is considerable
variation from transformer to translormer, although there is significant ovarall simitarity,
it appears thet below about 100 kHaz the transter tunction is relatively indepandent of
fraquency. 1f H2 and %2 in Figure 4-7 are yrounded, the coupling between H1 and X1 is
thraugh the capacitive divider formed by the interwinding (C'42) and winding-to-qround
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(C'11, C?2) capacitances. In addition, the transformer, in this configuration, is behaving
somewhat as a step-down transformer even though the primary current is being shunted
by the turn-to-turn capacitance (the primary resonance occurs below 10 ki4z). In either

event, winding resonances that arv unique to the individual transformers occur above 100
kHz.

When the average characteristics of the four configurations are compared, it is
apparant that the voltage transfér ﬁmctlon for a 100-ohm load is greatest for the common-
mode-to-common-mode configuration (Figure 4- 12), slightly !ess for the common-mode-
primary~to-differential-mode-secondaty (Figure 4-13), and slightly less yet for the differ-
ential-mode-secondary-to-common-mode-primary (Figure 4-14), The smallest high-
frequency coupling oceurs for the differential-mode-to-diffarential-mode configuration,
but in this configuration the low frequencies are not cut off as strongly as they are in the
other configurations,

424 LINEAR TRANSIENT TEST RESULTS

Transient tests of the four transforrers of Table 4-2 huve also been conducted at
a low level to obtain the linear rasponse characteristics of the transformers.” The driving
level used for these tests ranged from about B kV to about 40 kV (the lightning arresters
fired at about 42 kV). At driving levels below the threshold for lightning-arrester firing,
the transformer hbehaves as a linear davica, and the transient responses can be related to
the frequency-domain characteristics. The circuits of Figure 4-16 were used for these tests,

For the low-level tests, the 0.075-uF switched capacitor was used as the driving
source, so that the source-voltage waveform across the 100-ohm resistor at the pulser
output terminals (see Figure 4-16) was an exponential pulse with a 10-t0-90% rise tima of
about 20 ns and a decay time constant of about 7.6 us. The voltage waveform appearing
at the terminals of the transformar Is shown in Figure 4-17. A slight osclilation during the
first 400 ns caused by the winding reactance Is apparent in Figure 4-17. Aiso of interest is
the waveform of the current entering the transformer, shown in Figure 4-1B. {Figure 4-18
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CASE v
- 7" 10
: LIGHTNING ARRESTERS s ‘ m_ - . 0
—w\ |
: SPARK
; oMl Voo gap Vs
g e e AAA o—
!
|
b |
HV
SUPPLY ¢ W2
ﬁ VOLTAGE RERERENCE
- -y -1
F ' . (a) COMMON-MODE DRIVE AND COMMON-MODE OUTPUT CONEIGURATIONS
(shown with transformer secondary windings sonnected in series!
i \
SPARK -— -
" Ve Gap Vs W T xi
vy 6_7 '
: HV e 3 '3’ '
SUPPLY -~ ! | i
: H2 I 4
- r
VOLTAGE REFERENCE
ekl emme— '5 fienare IJ
{i)  DIFEERENTIAL-MODE DRIVE AND DIFFERENTIAL-MODE OUTPUT CONRFIGURATIONS
{shawn with transformer saconclary windings connected in pareliet)
Figure 4-16 SCHEMATIC DIAGRAM OF TRANSFORMER TEST CIRCUITS (subscripts on V
] and | indicate test measurement points)
shows the total capacitor current, which includes about 300 A through the 100-ohm load.)

‘ It is observed that the rise time of the current s significantly longer than that of the driving !
voltags. This observation is consistent with the contention that significant series inductance !
is assoclated with the primary bushings. It is also observed that the duration of the current, !
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: Figure 4-17  WAVEFORM OF EXCITATION VOLTAGE
3 APPLIED TO TRANSFORMER

when the load-resistor current is neglected, is much shorter than the duration of the im-
prossed voltage. The primary current is mainly that required to charge the capacitances
associated with the windings and bushings, and once these are charged, no more current,
g othar than that associated with the oscillations trigyerad by the transients, can flow., The
wavelorms shown in Figures 4-17 and 4-18 were obtained with the 26-kVA G.E. trans-
former in the common-mode drive configuration, but they are quite representative of the

yeneral characteristics of all the transformers tested.

The waveforms of the voltage across the 100-ohm load on the secondary terminal

X1 are shown in Figure 4-19 for the four transformers tested in the configuration of
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Figure 4-18  WAVEFORM OF PULSER CAPACITOR DISCHARGE
CURRENT (which intludes the curtent through tha 100-ohm puisur load)

Figure 4-16. From the fast oscillograms of Figure 4-19 it Is apparent that the rise times
of the secondary voltaye are of the order of 50 ns although the primary-voltage rise time
was only 20 ns. Thus the rise time stretching caused by the primary hushing inductances

Is observable in the secondary voltages as well as in the primary current, " From the slower
oscillograms of Figure 4-19 it {s also apparent that the late-thime voliage present in the
driver has been supprassed, so that only about 200 ns of high-level response is observed at
the secondary terminal. The stretching of the rise time in the time-domaln corresponds to
the high-frequency suppression observed in the frequency domain, and the suppression of
the late- time response corresponds to the low-frequency roll-off observed in the frequency

domain. Thus the transient waveforms are quite consistent with the frequency -domalin
cdata for voitaye transfer functions.

These hasic features of the secondary voltages - the stretching ot the rise time and
the suppression of the late-time response — were common to all four transformers, and
were consistent with their frequency-dom.in transfer characteristics. There are obvious
differences in the fine structure of the waveforms, but these appear to be of secondary
importance, s are the size and lacation of the peaks and valleys of the frequency-domain
transfer functions. The peak output voltage at Terminal X1 for one-volt peak at the primary
is also quite similar for all four transformaers, as (s apparent in Table 4-3.
'The-b:;s;l;g—gl;d@tunm was responsible for the slow tise time of the current i the twsts with a low

sourcy impedance; when source ‘mpedances of a taw hundred ohims are used, the rise tima of the
torminal voltuge is similarly slowed by the bushing capacitance.
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Table 4-3

COMPARISON OF PEAK VOLTAGE AT SECONDARY TERMINAL X1
FOR A ONE-VOLT, 7.6-us EXPONENTIAL PULSE :
APPLIED TO THE PHIMARY '

‘ Peak Voltage
| Transformer Transformer at X2
‘ Number Tvpe V)
| 1 26 kVA G.E. 033
i 2 26--kV A Allis Chalmars 0.22

3 20—k VA Westinghouse 0.29
|4 80~kVA Allis Chalmers 0.28

A compuarison of the transient responses of the secondary to common-mode and
differential-mode excitations at the primary can be made from the oscillograms of
Figure 4-20, which show the voltaye waveforms at secondary terminal X3 of the 26-kVA
Wastinghouse transformer for thase two excitation modes. Although the responses are
genarally similar in shape, it is apparent that the differential-mode excitation at the primury
produces only a little over half the peak secondary voltage produced by the common-mode
axcitation. This relationship is siynificant, becausa the common-mode excitation of the
primary by the transmission lines is usually much greater than the ditferential-mode exci-
tatlon; hence, if the weakuar differantial-mode sighal is turther reduced in passing through
the transfor mer, its importance may be greatly reduceu.

The oscillograms of Figure 4-19 and Figure 4-20 also permit the voltages at Ter-
minals X1 and X3 to Lu compared for Trunsformer No. 1, for the configuration of
Figura 4-1G. 1t is apparent that tha peak voltge at Terminal X1 is somewhat larger than
that at Terminul A3 for the common-mode primary excitation. This difference is produced
primarily by the asymmaetry or unbdlance in the wintlings; in ¢ symmatrical bitilar-wound
transformer these two voltages should be identizal, This differential secondary voltage is
shown In Figure 4-21 for the two excitation modes.

All of the waveforms In Figures 4-19, 4-20, and 4-21 were obtained with a common-
moda output configuration, Figure 4-22 shows thc voltage wavetorms obtained at the sec-
ondary terminal X1 for a differential-mode output configuration such as that shown in
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Figure 4-16(b). The peak secondary voltage produced by the common-rode primary exci-
tation with this secondary connection is larger than the peak secondary voltage produced

by the differential-mode primary excitation, A comparison of Figure 4-22 with Figure 4-19,
however, shows that the peak secondary voltage for the differential-mode output configura-

tion is only about half as large as it is for the common-mode output configuration,

These and other data show that the trancformer responsus are (1) highly linear,
(2) reasonably similar in comparison with one another, and (3) in good qualitative agree-
ment with the CW transfer function data presentad in Section 4,.2.3. The frequency-domain
data show that significant differences in amplitude can be expected for differant drive con-
figurations, and this result is confirmed by the transient-response data. Comparisen of the
common- and differential-mode drive data plotted hera shows the following;

{1) Common-mode input or output configurations rasult in peak output signals
that are approx;mately double those of differantial-maode input or output
configurations,

{2) The paak output response varies by a factor of 2 or less from transformer to
transformer.

(3) Different secondary-winding configurations {i.e., series or parailel) have little
effect on the secondary terminal-to~-ground voltage,

43 NONLINEAR CHARACTERISTICS OF TRANSFORMERS’

4,31 TRANSFORMER RESPONSES

At primary excitation levels abave about 42 kV, the 10-kV lightning arresters on
the primary side of the transformers fire if the pulsewidth of the excitation waveform is
large encugh. At the threshold voltage of 42 kV, there is a time lag of 1560 to 200 nsbetween
the time of application of the voltage and the closure of the lightning-arrester spark-gap
switch, but as the applied voltage increases, this time lag decreases. The transformer’s
secondary response to a primary-side excltation at levels above about 42 kV is therefore
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influenced by the change in the excitation pulsa when the lightning arrester fires, and hy the
variable time lag between the application of the exciting pulse and the closure of the

lightning arrester.

The only nonlinear effact observed during tha transformer tests with the lightning
arresters installed was the lightning-arrester firing. No other arcing or flashover was observed
inside or outside the transformer case (excuept when the secondary was driven). The non-
linear responses discussed here are, tharefory, caused entirely by the lightning-arrester firing.

The effect of the lightning-arrester firing on the secondary voltage waveform is
illustrated in Figure 4-23. As was observad in the discussion of the linear res;unse of the
transformers, the duration of the large-amplitude secondary voltage waveform is of the
order of 200 ns, so that deviations of the excitation pulse after 160 to 200 ns should not
have much effact on the pesk voltage appearing at the secondary terminals. Indeed, the
lightning-arrester firing did riot have much effect on the peak secandary voltage until the
time~to-fire was reduced appraciably from 200 ns, This is apparent frori the secondary-

terminal voltage waveforms shown in Figure 4--23 for excitation voltages above the light-
ning-arraster thrashold, As the lightning arrester is more highly overvolted and the time-to-

fira decreases significantly balow 200 ns, however, the peak secondary voitage beconies a
smaller fraction of the peak excitation voltage., When the time-to-firc Is comparable to or
(egs than the = B0-ns time-to-paak of the secondary voltage, the secondary-voltage limiting
provided by the lightning arrester I8 quite effective, and the pesk secondary vnitage increases
vary little with increasing excitation voltage beyond this point,

In addition to limiting the peak secondary voltage, the iightning-arrester firing tends
to reduce the width of the main secondary- voltage pulse. This Li apparent In Figure 4-23,
where it can be seen that as the excitation level increases, the tima to reach the first zero
crossing In the sacondary -voltage waveform decreasas and the negative undershoot increases,
It Is also noteworthy that the effect of the firing of the lightning arrester on the secondary
voltage waveform is so subtle that its occutrence is very difficult to detect in the secondary

waveform,
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The secondary-voltage-limiting effect is illustrated in Figure 4-24, where the peak
secandary voltage is plotted as a function of the peak excitation voltage for all four trans-
formers and for both common and differential primary excitation modes. Here it is appar
ent that the secondary responses are quite {inear with the excitation level until the peak
excitation level reaches about 56 kV (30% above the lightning-arrester threshold), at which
tevel the secondary voltage begins to fevel out, With the 260-kV excitation leve! {the highest
level used} the peak secondary \ oltage was only 30 kV. This measurement was made on the
25-kV A G.E. transformer, which displayed the strongest coupling, and it was made in the
configuration that displayed the strongest coupling, It should also be noted that, although
the pulser was charged to 250 kV, the lightning arrester fired during the primary voltage
rise and limited the voltage actually applied to the primary to only 100 kV,

These tests were conducted with a low-Impedance source, so that even when the
lightning arresters fired, the excltation voltage at the primary terminals did not immadiately
change. When the source impedance was several hundred ohms, as it would be for an EMP-
induced voltage wave Incident on pole-mounted transformers driven by the distribution
lines, the excitation voltage collapsed very rapidly when the lightning arrester fired, This
value of source iImpedance causes the peak secondary voitaye to be limited even more
saverely than was nbserved with the low-impedances sources used in the experirnents
described above. Since the transformer itse!t appears to remain linear, however, the effects
of source impedance and primary excitation voltage can be simulated analytically and the
secondury response determined from the linear transfer ¢chuaracteristics of the transformar,

4.3.2 LIGHTNING-ARRESTER FIRING CHARACTERISTICS’

The behavior of the 9-kV distribution lightning arresters used to protect the trans-
formers was also obtained from the transient tests of the transfarmers with the lightning
arresters installed. The lightning-arrester characteristics of primary importance in this
evaluation are the time-to-fire and the firing voltage. These characteristics permit an
astimate to be made of the peak voltage that might be applied to the transformer by a
fast-rising transient,
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FOR VARIOUS TRANSFORWMER CONFIGURATIONS
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The tasts indicated that all three of the lightning arresters shown in Figure 4-4 were
essentially identical in their firing characteristics. A plot of these firing characteristics is
shown in Figure 4-25, The 8-kV arresters would normally be tested with the transient
rate of rise of 100 kV/us plotted in Figure 4-25; during the transformer tests, the maximum

rate of rise achisved was about 2,6 kV/ns, or 2b times faster than thut normally used to test
lightning arresters of this voltage rating. With this rate of rise, which Is also plotted in
Figure 4-25, the firing voltage was 100 kV, or about 2.6 timas the static firing thrashold,
and the time-to-tire was only 40 ns. In general, the trend of the lightning-arrester firing

] characteristics displayed in Figure 4-26 is that to be expected of spark-gap devices having

5 large overvolted gaps,

3.

I

i g

f The ability of the lightning arrester to protect the transformer under fast transients
tor which voltages of 100 kV are attained before the lightning arrester fires is believed to he
related to two characteristics of the trunsformer. These are the lonization {or spark forma-
tion) time for bushing flashover and the impedance of the bushing and winding insulation,
Because the arc formation timo for tha lightning arrester is lass then the arc formation time

! for the bushiny, the lightning arrester always fires hefore bushing flashover oceurs, 1t is not 3
ﬁ' apparent that this relationship should change even if graater rates of rise were gncountered, 1
k since the lghtning-arrester firing and bushlng flashover involve similar gas-breakdown ]
procusses,

Tha ability of the lightning arrester to protect the winding insulation against break-
down apparently depends on the fact that a tinite time is required for the winding voltage
to rise because of the winding-to -core capacitance and the bushing capucitance and induc-

N i

tunce. For a typicul transtormer primary winding, the winding- 1o core capacitance is o few
hundred picofarads, the bushing capacitance is about 100 pF, and the bushing inductance is
a few hundred nanohenrivs, Furthermore, as illustrated in Figure 4 7, the bushing induc-
tunce and bushing capacitance form o Yow- pass filrer that linvts the rate of rise of the
voltage applied to the winding even il an infinite rate of rise is applied to the turminals,

Therefore, even if the lightning arrester and hushing ate subjected to verv large rates u.

rise, the rate of rise of the voltaye across the winding insulation is much smatler, theraby
permitting the lightning arraster to reach its firing voltage bufore the voltage across the i
insutation reaches a dangerous leval, Note that the CW-transfer-function data indicate :
that the high-frequency roll-off, which is believed to be caused primarily by the primary
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bushing inductance and capacitance, buying at about 10 MHz, implying a 10-t0-90% rise

time of the order of 6 ns.

The rate of rise of the open-circuit voltage induced on power transmission lines
oy the EMP is of the aorder of 4 few Eyc, where Eg is the peak incident field strength and
¢ Is the speed of light (see Section 2.2,3). For realizable polarizations and angles of inci-
dence, the maximum rate of rise of the open-circuit voitage is of the order of 50 kV/ns and
the source impedance associated with this voh}xge is of the order of 300 ohims. This rate of
rise is over an order of magnitude greater.than the fastest rate of rise developed in the lab-
oratory; howaver, the voltage actually applied to the transformer terminals is the fraction
Zi/(Z; - 300), where 2; is the paralle! input impedance of the transtormers. Since
Z; 2 300 ohms, at high frequencies (sarly times) only a fraction of the open-circuit voitage
will actually be applied to the transformer windings,
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4.33 SUMMARY OF TRANSFORMER AND LIGHTNING-ARRESTER
PROPERTIES

Tests of selected lightning arresters and power transformers have demonstrated
that at rates of rise up to 2.6 kV/ns the lightning arresters are effective in protecting the
transformers from damage. |t is believed that this protective capability should be applicable
for even higher rates of rise, since the protection is based on (1) the lightning-arrester spark-
gap ionizing and becoming conducting before other insulation breaks down, and (2} the

T e

bushing inductance and capacitance limiting the voltage between the primary windings and
the core.

Studies of the transient throughput of the transformers with lightning arresters show
that:

s {1} "The bandpass character of the transformer slows the secondary-voltage rise-
¥ : time to about 60 ns and limits the significant duration of the sacondary re-
sponse to less than 1 us.:

(2) When protected by lightning arresters, the transformer remains a linear device;
all nonlinear activity occurs in the lightning arresters, 1

{3) The key transformaer parameters atfecting the bandpass properties of the
transtormer are the primary bushing inductance and capacitance, and the
interwinding- and winding-to-case capacitances,

{4) There is little difference in the basic coupling characteristics among the different
secondary-winding types or among the transformers from different manu-
facturers. b

(8) The peak secondary voltage is limitod to a value of the order of 20 to 30 kV
by the voltage-limiting action of the 8-kV lightning arresters tor common- i
mode excitation.

(8) Transients Induced at the secondary terminals by the lightning arrester firing ;
are barely detectable,
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The test results show that the strongest coupling through the transformer occurs for
common-mode excitation and commaon -mode loading, such as would occur if the 3 -
phase transformer bank were delta-connected at hoth primary and secondary sides. The
weak est coupling occurs for differential mode excitation and louding, such as would occur

for three phase wye-connections at both sides,

The properties of the three models of 9-KV lightning arresters were virtually iden-
tical insofar as their firing characteristics are concerned, As the rate of rise of the voltage
across the lightning arrasters increases, the time-to-fire decreases, but with the maximum
rate of rise available in these tests (2.5 kV/ns) the firing voltage was only 100 kV and the
time-to-fire was only 40 ns, This rate of rise is 25 timas that for which the lightning
urrosters are specified, while the firing voltage is only 2.5 times the static firing voltage.

It is significant thot os the rate of rise increases, the firing voltage increases, and as the
time-to-fire decreases, the impulse fvdt passed by the lightning arrester does not change
vary much. Thus, the transformer’s secondary voltage for fust rates of rise tends to be
the iImpulse response and is relatively independent of the excitation voltage.

In operational systems, the use of lightning arresters between the primary terminals
of the transformeur and ground is recommended for all service transformers to protect the
transformar, as well s ta limit the high voltages induced on the transmission lines and
coupled through the transformaer,
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Chapter Five

LOW-VOLTAGE CIRCUITS

1
!..
]
£
6
"
a
E,
b
I[:.
H

6.1  GENERAL DESCRIPTION OF THE LOW-VOLTAGE SYSTEM

6.1.1 INSTALLATION PRACTICE

The low-voltage circuits of concern In this chapter are those between the main ¢ir-
cuit breaker and the loads (lights, appliances and equipment) in the consumer's facility, The
source- side ol the main circuit breaker has been discussed in Chapters Two and Thres. This
part of the power system cun he represented by a single (though, perhaps, multiconductor)
transmission line whose characteristic impedance changes as 1ts form changes from an aenal

transmission line to a coaxial line at the service entrance. On the load side of the main cir-
’ cuit breoker, howevar, the circuits branch out to serve the various requirements of the con-

sutmer, The consumer’s system may contain both single-phase and three -phase lnads

as illustrated in Figure 5-1, und in general the loads may require two or more voltages,
necessitating more than one service entrance or trar,ormer bank, The system shown in
Figure 6-1 would be typical of a 120/20B-V system in which single -phase circuits are operated
onthe 120 V between ling and neutral and three-phase loads are operated from the 208 -V
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(line-to-line) system. f other three -phase or single-phase voltages are required, the low-vol~
tage system may also contain power transformers or other power-conversion equipment. A
more common practice where multiple voltages are required, however, is to bring the distri-
bution voltage into a vault where the transformers required to supply all of the consumer's
[ voltages are installed, Seperate feeders from the transformer vault may then he used to sup-
Y ply the main circuit breakers for the various three-phase and single-phase systems in the fa-
cility. 1fthe three-plhuse service is tlelta~-connected, a 2ig-zay transformer may be Included in
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Figure 8-  SINGLE-LINE DIAGRAM OF INTERNAL LOW-VOLTAGE CIRCUITS
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the low-voltage system to ground the low-voltage system. For some communications facili-

ties the comrmiarcial power is used to drive o motor-ygenerator set which, in turn, supplies

the power for operating the facility. This system can provide excellent isolation of the con-
sumer's circuits from transients on the power system if separate machines {connected only

: by the shaft) ure used and appropriate separation of the powaer circuit and the low-voltage

circulits is providad, Some large commercial computer installations use rectifier and storage-

hattery systems to provide surge protection and short-term.standby power,

i Other surge-protection equipment that may be found in commercial installations are

] secondary lightning arrasters, surge limiting capacitors, and line filters, Secondary lightning

‘ arresters that operate at v fow thousand volts may be instalied at the transfqrmer secondary,
ot the weatherhead, ut the main circuit-breaker panal, on a circuit that requires special pro

; taction, or some combination of these. Surge capacitors are used to protect the windings

of large rotating machines from the large rates of change in the leading edyes of lightning-

induced suryes. Line Hilters are used to minimize the transients that can enter sensitive in-

r : stallations such as computer centars, As illustrated in Figure 5-2, combinations of these

protective devices are often usud, For example, o combination of lightning arresters and
surge capacitors may he used to limit hoth the peak voltage and the rate of rise of the cur-
rant, or u lightning arrester may be used to limit the voltage npﬁlied to the Input terminals
ct a line filter,

The National Electrical Code’ sets standards for materials und practices used in low -
voltaye wiring; in addition, stutes, counties, und cities have thelr own building codes that are
otten more restrictive than the national code. In spite ot local variations, howaver, there
is considerable uniformity in the wiring practices used in commarcial steel ant masonry

huildings, The low voltage wiring in such facibities s usually instalied in metatlic conduit

and raceways or qutters as dustrated in Figure 5 3. All metal conduit, gutters, circuit-

breakar cabinets, outlet boxes, etc. are required by the national code to be “effectivety j
honded whare necessary to assure alectrical continuity ... "', The low-voltaye wiring is

thus fairly well enclosed in o matallic shiald of sorts excapt at plug in appliances (cateulators, 1
typawriters, coffee- makers, etc.), where the conductors are ingulated but unshielded, We

shall limit our discussion in this chapter to low-voltaga systems with wiring in metal conduits,
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Figure 6-2 SURGE-PHOTECTION TECHNIQUES FOR LOW-VOLTAGE CIRCUITS

Vinyl- or naoprene~insulated copper co~ductors are used in applications where exces-
sive heat o moisture is not a problem, These  sductors are fished through the conduit be-
tween outlat boxes or cabinets, and axtra wire - left at the ends to allow the craftsman to
mak e tha connsections to the fixiure terminals, Figure 5-4 illustrates the wiring inside a typi-
cal main circuit-breaker panel, The maximurm number of wires that can be pulled through

standarcd conduits is given in Table 5-1 3 The dimensions of rigic steal conduit are given in
Table 3-2, Chapter Three.

6.1.2 DISTRIBUTION OF THE EMP-INDUCED SIGNAL

In moderately well-shielded systems such as the electrical wiring in metal conduit,
the signal induced in the exposed conductors (aerial transmission lines or entrance conduc-
tors in plastic conduit) and conducted into the shielded region is usually much larger than
that penetrating directly through the shield to the conductors. Therefore the primary source
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Table 6-1
L MAXIMUM NUMBER OF CONDUCTORS IN TRADE SIZE OF
i‘ CONDUIT OR TUBING!
a ——- T T
| °°"d.‘(’i’rfcf\g)"’s'” MK |11 21243 (3% 4 4% 5 | 8
! Insulating Conductor
Type Letters Size
3 (AWG, MCM)
i TW, T, RUH, 14 9/16125/44)60/991142!
i RUW, 12 7112119|365]47(78{111{171
\ XHHW {14 through 8) 10 5| 9|16/26|36{60| 85/131[176
] ' 8 3] 65| 811420133 47| 72 971124
/ RHW and RHH 14 6(10116/29 | 40|65| 931143|192
¢ (without outer 12 4| 8113|124 |32|83| 76{117]1567
" : covering), 10 4] 611119 26(43| 61| 95(127]183
i THW 8 11 4] 6/11115|26] 38| 66| 76| 96,121/|152
!ﬁ TW, 6 1) 2] 4] 7110(16| 23| 36| 48| 62| 78| 97 141
)‘ T, 4 1111 3] 6B, 7]12) 17 27| 36| 47| 58} 73(106
¢ THW, 3 1111 2, 4] 6!10| 15| 23| 31| 40. 50| 63] 91
( RUH (6 through 2), 2 111, 2 41 5 9] 13) 20, 27| 34] 43 54| 78
\ sRUW(Gthrough?), 1 111 3 4 6] 9 1—4_».19--25 31| 38 67
§ "EPB (8 through 2}, 0 11112 3" 6] 8| 12{ 18| 21} 27| 33| 49
a RHW and 00 171710 3§ 6] 7| 10| 14} 18] 23] 29| 41
1 RHH (without 000 11117 2 4 6) 9] 12) 16} 19] 24| 36
3 outer covering) 0000 1M 1] 1] 3 5/ 71 10| 13} 16} 20| 29
3 - AL TR ORI NN St SO - e ]
250 111 1 20 4] 6 8! 101 13| 16| 23
300 iy 120 30 8] 71 911114120
350 1t/ 111 3] 4, 6! 8 10 12|18
400 10 111 2 4, 81 71 8] 1116
500 1 11 1 1} 3| 4! 6| 71 9|14
et e e ane U e b i e e d R S R SR P R B
600 111 1, 3| 4| 8] 6] 7|11
{ 700 111 1 21 31 4| 5] 7110
] 760 1) 1] 1) 2] 3] 4] 5| 6] 9
Kay:
T Thermoplastic
TW Moisture-resistant thermoplastic
THW  Moisture- and heat-resistant thermoplastic
RHW  Moisture- and heat-resistant rubber
i RHH  Heat-resistant rubber
& RUM  Heat-rusistant latex rubber
ARUW  Moisture-resistant latux rubber
XHHW Moisture- and heat-rosistant cross-linked synthetic polymer,
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of EMP-induced signal in the low-voltage wiring is usually the signal conducted in on the

sarvice entrance.

At the main circuit-breakar panel, the voltage and current entering from the service
entrance are partially attenuated by the stray inductance of the wiring inside the circuit-
breaker cabinet, and are partially transmitted to the load circuits, Bacause of the reflection,
attenuation, and division of the power at the main circult-braaker panel, the EMP-induced
power transmitted 1o the load-clreuit conduits Is only a fraction of that incident from the
service entrance, In addition, the stray inductances in the cabinets and junction boxes tend
to suppress the high-frequency portion of the incident pulse spectrum, so that the rise time
of the transient increases as the pulse propagutes further into the low-valtage system, Each
load-circuit is alsa shock -excited by the incident transient and tends to oscillate at its natu-
ral frequer zies, This shock excitation leads to voltage waveforms in the load circuits moder-
utely similar to the waveform shown in Figure 3-10(a), Needluss to say, the EMP-induced
waveforms at any point In the low-voltage system are quite complex and very difficult to
caleulate accurately. As a rough rulg of thumb, however, the turther from the main clrouit -

hreaker panel, the smalter the peak voltage and the smaller the rates of change in the waveform,

6.2 LINEAR ANALYSIS OF CONDUIT CIRCUITS

5.2.1 TRANSMISSION-LINE ANALYSIS (COMMON-MODE)

Electrical wiring enclosed in metal conduit can be visualized as a transmission line,
For a crude approximation, the power conductors can be considered the center conductor
of a coaxial transmission line in which the conduit is the outer, or return, conductor, The
low-voltage wiring system in the consumer’s facility can then be represented as o network
of transmission-line segments such as that illustrated in Figure 5-5. At the ends of the con-
duits where the wiring enters circuit-breaker cabinets, outlet boxes, etc., the wiring is more
open and can be represented as a lumped inductance for short segments of, say, less than
2 m. Because the low-voltage systems contain many segments of transmission line with
many branches and junctions, even this crude representation of the low -voltage wiring is

very difficult to analyze without a computer. The analytical concepts required are quite
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Figure -6 TRANSMISSION-LINE MODEL OF LOW-VOLTAGE WIRING IN METAL CONDUIT

simple; however, they must be applied to each segmaent and the rasuits for the seggments must
be combined in an orderly fashion,

In the transmission-line network of Figure 5-B, for example, the upper hranch of seg-
ments might represent a lighting circuit containing a well switch {24) and two ceiling lights (2¢).
This clrcuit contains four segments of transmission line downstream from the main circuit-
breaker panel. A common occurrenca in targe facilities Is representad by the bottom branch in
Figure5-5, Inthiscase one circuit from the main circuit-breaker panel supplies a subsidialy cir-
cuit-breaker panel, which may, in ttirn, supply additional subsidiary circuits.

The general approach for analyzing such wiring as transmission-line netwerks Is to
transfer impedances along the segments from right to left in Figure 5-5 to obtain the load im-
pedance on the service-entrance conduit. When this load impedance is known, the voltage or
current in the load can be determined from the techniques described in Chapter Thres. The
voltage and currents can then be translated from left to right toward the loads at the right
ends of the conduit circuity, At each junction of two or more conduits, the iImpedances
translated from the right must be combined with the lumped impedances at the junction to
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obtain the load impedance for the conduit to the left, and the current translated from the
feft must be divided among these impedances to obtain the corrent to translate to the right

towardd the loads,
Priar to performing this analysis it is necessary to determine
{1} The characteristic impedunces 2, of the n conduit segments

{2} The propagation factors v, fot the n conduit segments

(3)  The langths ¢, of the condui* Jgments
{4)  The load impedances Z_,, at the right ends of the right-hand segments

v (B) Thestray inductances L,y at the junctions of the conduit segments

:
. 3) The Thevenin ar Norton Equivalent source represanting the service
‘; entrance,
{t these properties of the transmission line are determinad, the load impetlances at the right ends
of the right-hand segments In Figure 6-6(a) can be translated to the left ends of the segments
3 b
~ Yy
i 1+ pne'??n‘v
2y * Zon w7 (5-1)
1 - pnuhn\n
where
Y Zin- Z(m }
py T oo (5_2,
an + Zm\
This translation converts the original circuit of Figure 5-8(a) to the equivalent circuit of
Figure 5 6(b), The input impedance Z,, at the left end of the conduit is then added to the

impedance jwl,, of the stray inductance at the junction, and the impedances Zj, + jwl,
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are combined in parallel as illustrated in Figure 5-8(c). Tha load impeadance on the right end
of the conduit sagmeant to the left of the junction {see Figure 5-6(d} } is then
ZLU * i“-’l-'() + zin (6-3)

where

I 1 1 1

e 1 e + ..+ e (5_4)
Z,, july +Z; jwlptZp jwL,, + Z;,

This cycle can then he repeated to translate the impedances toward the next junction to the

left and so forth, until the load impedance at the end of the service-entrance conduit
is established.
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The object of the impedance translation is to combine the impedances of the branches
to obtain the lumped equivalent load for the service entrance. The voltage and current trans-
lations involve a reversal of this process, in that tha starting point s the Thevenin equivalent
source representing the signal entering from the service entrance, and the object of the trans-
lations of the voltage and currant from this source ta the right Is to determine how this sig-
nal fans out into the conduit network, Therefore we start with the Thevenin equivalent
source and its load 2o in Flgure 6-7(a) and calculate the junction voltage V| and total cur-~
rent |; as shown in Figure 5-7(b). The junction voltage is

T e T R R S ST T Y [T M e [ T T T T AR e I e e

Vi = B v (B-6
'zt 2 ¢ b, O -8
and the total current is
VU
(6-8)

‘ Zi+ 2 + jwl,

where Vo and 24 are open-circuit voltage and source impedance representac by the service
entrance at, for example, the main circuit-breaker panel (sae Chapter Three, Eqs, (3-7) and )
(3-8) ). The voltage applied to each conduit to the right of the junction Is a fraction of the !
junction voltage, however, as can be seen in Figure 5-7{(c), The voitage V, applied to the !
left end of the condulits is

T '—_-un?:r-.

v 2y (6-7)
"2t dwly i
: and the curtent |, in the conductors is i
Vi 1
I, = ——— | 6-8 !
" Zy +wl, ®-8
282




Vn (:()l u( : i i

(vl LOAD DRIVEN BY SERVICE (bl JUNCTION VOLTAGE AND
ENTRANCE CURRENT
L v 2 \ |'-—- v V' I'4 '
1 ! 1 . L Il
= D M— e |
.iv.'. v v 4
2 PRLL '
I
TR
4 P
—— VJ g Ld |

T f¢) CURRENT AND VOLTAUE ()  CURRENT AND VOLTAGE TRANSLATHD TO RIGHMT ENDS
LAUNCHED INTO CONDUITR OF CONDUITY

Figure 8-7  STEPS IN TRANSLATING DRIVING CURRENT AND VOLTAGE TOWARD LOADS

~
Tha current and voltuge ot the right ends ot the conduits in Figure 5-7{d) are then
RTIN
T' R ’7\ (6-9)
\ “”” SN
and !
|
: !
| g ' i
Vioe v o (5-10) 5
n " 11 py,e ATHY
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This cycle may be repeated for further translations to the right if it is observed that the source
impedance at the right erd of the conduit is

<. 2., (6-11)

24 =—
1 ‘n

and the open-circuit voltage V' at the right end Is
Vg = Iz (20, + 29) . (6-12)

This Thevenin-equivalent source drives the junction (if any) at the right ends of the conduits.

6.2.2 DETERMINATION OF THE PROPERTIES OF CONDUIT CIRCUITS

In the introduction to the transmission-tine analysis above, it was stated that six
propertias of the low-voltage system must be determined prior to performing the analysis
of the low~voltage circuits. One of these properties — the equivalent source representing the
signal entering nn the service-entrance conductors - is the subject of Chapter Three. An-
othur, the lengths of tha conduit segments, can often be measured directly. The remaining
four, the characteristic impedance Z,, the propagation factor 4, the load impedance 2\, and
the stray inductance | may be measured, or they can be estimated by techniques discussed
in this section.

5.2.2.1 Characteristic Impedance

Accurate formulas for the characteristic impedance of multiconductor
transmission lines are available for only a few special ggometries such as the symmetrical
shielded pair and shielded quad shown in Figure 3-13. The elactrical wiring fished through
conduit rarely assumes the uniform symmaetrical geometry postulated in these formulas; how-

ever, the formulas can provide estim:ites of the characteristic impedanae of the conductors in
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a conduit. The formulas for concentric or eccentric cylinders can also be used to estimate
the characteristic impedance of a bundle of conductors in a conduit. The coaxial-cylinder
formulas require an ustimated effective radius for the wire bundia, but since the characteristic

impedance varies as the logarithm of this radius, sizable error in the effective radivs can he

tolerated.

Simple experimental tachniques can be used to determine the characterisic
impedance of irregular geometries of uniform cross section. Resistance paper or a shallow
electrolytic tank can be used as illustrated in Figure 6-8(a) to measure the resistance between
the conductors (all in parallel) and the conduit, This resistance is related to the characteristic

impedance of a transmission line having geometrically simitar cross section by

R R (6-13)

whete R s the measured resistance between the simulated conductors and the conduit, and
Ry is the resistance per square of the resistance paper or electrolyte, The resistance per square
is the resistance (for uniform current) of the medium (paper or eloctrolyte) one unit wide

and one unit long,

The time-domain reflectometer (TDR) is very useful for determining
characteristic impedance and velocity of propagation /7 situ (with the 60-Hz power off). The
TDR is essentially a fast-rising pulse source and an oscitloscope so arranged that the wave-
form of the voltaye at the terminals of the pulse source can be observed as the reflections
from discontinuities arrive, The oscilloscope is normally calibrated in units of reflection
coetficient relative to a base impedance such as 50 ohms., From the TDR oscillogram (see

Figure 5-8(b} ), thoretore, the reflection coefficient p und the round-trip propagation time

along the conduit circuit can be determined. For a base impedanco of 50 ohms, the character-

istic impedance of the unknown transmission line is
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i where o is the raflection coeflicient obtained by attaching the unknown line to the end of
the 60-ohm line. The velocity of propagation is
2 (6-15)
v -
Ar

whare ¢ is the length ot the unknown line and A7 is the time elapsed botween the arrval of
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the reflections from the beginning and the end of the unknown line. The TDR method has
the impartant advantage that it can measure the characteristic impedance and velocity of

propagation regardless of how complex the geometry and the dielectric hetwaen tte conduc-
tors and the conduit are.

6.2.2.2 Propagation Factor and Length

As indicated above, the velocity of propagation can be obtained from TDR
measurements when the length of the condult circuit is known. Since the attenuation of the
short conduit circuits ordinarily found in low-voltage wiring is usually negligible, the
propagation factor for these circuity is

NI (5-16)
v

Wien the condulit is burled or embedded in concrate, it may be difficult to
determine its length. Then the TDR trace can give

Ar = — (65-17)

but a separate measurement is required to obtain ¢ and v explicitly, This measurement can
be made on a similar circuit of ke:own length, such as on one section of conduit with the
same number and size of wires. Then the velocity of propagation is determined from TDR
measurements on the sample of known langth, and the length of the unknown circuit can
be determined from Eq. (6-17) above,

5.2.2.3 Stray Inductance of Leads
The stray inductance of wiring in circult-breaker cabinets, junction boxes,
etc., can be estimated from the formulas for the inductance per unit length of a wire over a

ground plane. The inductance per unit length of a wire over a ground plane is
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Ho h Ho 2h
L =-— cosh'! — = -— log —
2n a 2n a

(-tl Tue 1> {6-18)
a

where h s the height of the wire above the ground plane and a is the radius of the wire, A

plot of the inductance per unit length as a function of the height -to-radius ratio h/a is
shown in Figure 65-9, For h/a between 10 and 100, the inductance is between 0.5 and
1.0 uH/m. A convenient rule of thumb, allowing for some mutual coupling in coiled or

fotded wire in junction boxes, is 1 uH/m for lead inductance.,

5.2.24 Load Impedances

The 10ad Impedances represented by appliances and equipment are usually
quite difficult to specify accurately over the spectrum of frequencias cantained in the EMP, This
difficulty arises from the fact 1hat these loads are ordinarily spocified and designed for their
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60-Hz, three-phase or single-phase
properties, whereas their common-
mode, high-frequency properties are
of primary interest in the EMP analy-
sis. Therefore, an accurate determina-
tion of the kigh-frequency impedances
of such equipment can he obtained
only by direct measurement. The
purpose of this section is to discuss
the genera! nature of the common-
muode impedances of selected loads
and to present some examples of the
impedances of three-phase and single-
phase motors.

In yeneral, the
common-mode impedances of most elec-

trical equipment can be represented as
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transmission-line segments, If the total length of conductor protruding from the conduit
is short and it is ungrounded, as is the case for an incandescent lamp mounterd on an outlet

box, the load will be capacitive. For such loads, the impedance is

cZ, 1
g, = —— & —— (short, ungrounded) {6-19)
jutl jwCA

where \ is the length of the protruding conductor, Z,, is its characteristic impedance, C is its
capacitance per unit length, and ¢ is the speed of light, 1f the length of the cunductor is
short and it Is grounded, the Impedance is

Y4
Z, = juwl ~-§ = jwlkt (short, grounded) {5-20)

where L is the inductance per unit length of tha protrutting conductor.

It the protruding conductor is lony and ungrgunded, its input impedance is
2 = -]Z, cotkt¢ (long, ungrounded). {6-21)

whern k = w/c, and if the conductor is long and grounder ut its end, its input impedance is
Z, = |2 tan kU (long, grounded), {5-22)

The inductance and capacitance per unit length, and the characteristic impedance for paral-
lal-wire, conic, coaxial, and parallel-plate transmission-line contigurations are plotted in
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Figure 5-10. These data, the inductance data of Figure 5-9, and the formulas above are use-
ful for estimating the common load impedances of power equipment such as lamps or heaters
that have relatively small exposed conductors.

Because circuit elements with time constants shorter than 10 ns will
probably have no effect on the response of the low-voltage system, we may neglect the
inductance or capacitance of protruding conductors shorter than

3 8¢
: L = - = {,6m (ungrounded)
(6-23)
? 1082
= ““E‘P {grounded)

where 2, Is the characteristic Impedance of the condult circuit, and L is the inductance per
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Figure 5-10 CHARACTERISTIC IMPEDANCE, AND CAPACITANCE AND INDUCTANCE
PER INCH
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unit length of the exposed conductor. 3ince £, is typically of the order of 30 ohms for the
conduit, and L is »f the order of 20 nH/inch for openly protruding conductors, grounded
conductors shorter than abotit 15 inches can he treated as short circuits., Ungrounded con-
ductors shorter than 5 ft {10 1.5 round-trip transit time) can he treated as open circuits,
{Tha round-trip transit time, rather than the lumped capacitance, determines the “time

constant’’ ot ungrounded conductors unless the capacitance per unit length exceeds about
6 pF/inch.)

T - T

Three-phase and single-phase motors used to power pumps, blowers, etc., often
represent the loads on conduit circuits. Measurernents have heen made of the line-to-case imped-

ance and line~to-neutral impedance of two three-phase induction motors. The impedances be-

T, 2 T

tween the three-phase conductors and the motor frame have been measured for both the

’, 7-1/2-hp and the 1/2-hp three-phase motors. This impedance is shown in Figure. 5-11 and )

l 5-12. It isapparent that this impedance behaves as a capacitance at frequencies up to almost f
10 MHg, althaugh the value of the capacitance changes near 100 kHz, At 10 kHz, the capaci-

tance of all three windings to the case is 0.0061 uF for the 7-1/2-hp motor and 0.0013 uF for

10 T

T TTI | IIIHW IR T TTTTH

i MOTOR:  7-1/2 hp 3 PHASE
. 220 V60 He
‘ 1760 1PM

(Farhanks-Morse)

ch
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10° 108 107 10®
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Figure 5-11 LINE-TO CASE IMPEDANCE OF 7-1/2-hp INDUCTION-MOTOR
WINDING
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Figure 6-12  LINE-TO-CASE IMPEDANCE OF 1/2-hp INDUCTION-MOTOR
WINDING

the 12 hp motor. Both motors have subsidiary resonances i the vicinity of 500 k Hz and pri-
mary resonances near 10 MHz, The winding to case impedance his also been measured ona
single--phase motor with the terminals connected together. This impedance is shown in Figure
5-13. Aswith the three-phase motors, this impedance behaves as a capacitance up to about 10

: MHz, with some weak resonances along the way. At 10 kHz, the winding-to-case, capacitonce
is0.0014 uF. From these datait appears that the winding-to -case capacitance, for example,
increases with motor size, and the winding-to -case impedance can be represented fairly well by

i o lumped capacitance at frequencies up to 10 MHz. 1t should he painted out that the 7-1/2 -hp

i motor and the 1/2 hp three-phase motor are wound for different speeds. Interpretation

of these data should also take into account motor speed as well as power and voltage j
rating, since different speed ratings imply a ditferemt way of combining windings that may
4 atfect the winding to case capucitance, 1t should also be pointed out that the measure

ments e all made with the windings unenergized and the rotors stationary. This condition
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of measurement is no concern for the 3-phase incduction motors, but for the single-phase
capacitor-start motor it means that the measurements were made with the starting winding
connectedl, and that the results may be different on a rurining motor with the starting wind -
ing disengaged.

523 MULTICONDUCTOR-TRANSMISSION-LINE ANALYSIS

A potentially more exact analysis of power conductors in conduits than the common-
mode analysis described above treats the conductors as a multiconductor transmission tine.24
Each conductor is then coupled to every other conductar in the cnnduit through mutual
capacitances and mutual inductances, and loads at the ends of the conductars become
networks of clements, rather than single eleinents as assumed in the common-modez model.
Transmission-line voltages, currents, impedances, and admittances are represented by matrices

in the multiconductor-transmission-line analysis. Evaluation of the voltuges and currents
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at points in the low-voltage wiring is very difficult if there are more than two conductors
in each conduit. Because of the complexity of the multiconductor-transmission-ling
analysis, all applications of this method to power wiring have involved developing computer
programs for performing the matrix manipulation and numerical evaluations.

Although the multiconductor-transmission--line analysis has the potential for pro-
viding more accurate results and for providing voltages between conductors as well as com-
mon-made voltayes, this potential can only he realized if the properties of the power circuits
can be accurately specified. In practice, wiring fished through conduit meanders somewhat
randomly along the circuit, so that the cross section of multiconductor circuit is not uniform

along its length, Furthermore, to specifiy the load impeduance of simple devices such as three-

phase inductinn motors, a larye number of measurements over a wide range of frequencies
are required, |tis questionable, therefore, thut sufficient increase In accuracy can be
achievad to warrant the large increase in complexity (or effort) required tc perform the
multiconductor-transmission-line analysis, Since power-system analyses are usually per-
formed primarily to determine peak voltages that might damage insulation or components
and to determing the Lype and quality of protection required for sensitive equinmaent, a

vary rigorous analysis is seldom raquired,

A less complex version of the multiconduetor -transmission ling analysis is sometimaes
used, Because the neulral of a three-phase system or the center tap of a 120/240 -V single-
phase system is often grounded at the load as well as at the zower ground near the service
entrance, these conductors may behave quite differently from the unyrounded "line'” con
ductors, Thus it the neutral or ground conductors are treated as one conductor and all the

'

“line” conductors in common are treated as a separate conductor, the multiconductor
circuits can he analyzed us three-conductor {two inner conductors and one conduit) trans-
mission lines, This mathod of analysis ofters some improvement over the common-motle
analysis, yet because each conduit is presumed to contain only two conductors, it is much
simpler than the complete multiconductor-transmission -line analysis. Some dilficulty is
encountered, however, where conductors from one conduit are separated and fed into two
or more conduits, because such a branch does not constitute a solid junction of three-con -

ductor transmission lines,
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Chapter Six

GROUNDING SYSTEMS

6.1 GENERAL DESCRIPTION OF GROUNDING SYSTEMS
8.1.1 POV/'ER-SYSTEM GROUNDING

Grounding systems, although seemingly simple, are in fact quite complex and often
controversial, The grounding system dasigned by the utility must ba compatible with the
lightning protection system, the protective relaying system, the system insulation, and the
grounding systems of other utilities with which it is intertied.) 2 The power grounding sys-
tem required of the consumer by natlonal or tocal electrical codes is specified primarily for
personnel ar property protection. The consumer’s squipment grounding system may be
designed primarily for interference reduction so that objectional crosstalk hetw~en subsys-~
tams is minimized. Therefore, thare are at least three ground systems serving essentially

different functions within the utility’s and consumer's combinad system.




Grounding in the transmission and distribution systems is necessary to prevent the
conductors from ‘'floating'’ to high potentials and inducing insulation fallure. High poten-
tials on fioating systems can be generated by lightning, transients associated with switching
or faults, leakage from a high-voltage system to a lower-voltage system, or from stetic
electrification during snow, sleet, or dust storms. A system ground also facilitates fault
detection and relaying because a fault on any phase can he detected and localized more
readily if the grounding system is properly designed, A typical neutral grounding system for
a three-phase transmission system is illustrated in Figure 61, The generators feeding the
trangmission bus are either ungrounded, or grounded through sufficient impedance tliat
fault current through the generator is limited to a safa level. The transmission line is grounded
at the neutral of the wye-connectad transtormer secondary, as is the subtransmission line
and the distribution line, Trunsmission and subtransmission are normally over three-wire
lines, while distribution lires serving both three-phase and single-phase loads are usually
four-wire lines,

Not shown in Figure 8-1 is the overhead ground-wire system used for lightning pro-
tection on transmission and subtransmission lines, The overhead ground wires are usually
grounded at each pole or tower, but they are not connected to the neutral except through
the soil. The overhead ground wires thus form a separate ground system, essentivlly inde-~
pendent of the three-phase neutral,

At the consumer end of the distribution system the distribution transformers may ba
connected in any of the four possible delta and wye combinations shown in Figure 6-2,
When the primary side is wyu-connected and a four-wire distribution line is used, however,
the neutral ling 15 usuatly not connected to the neutral of the transfarmer bank. This is Le-
cause a phase-to-yround fault would then pluca line-to-line voltane o sross the transformers
on the unfaulted phases, with the consequent overvoltage und probable damage to the trans-
former and consumer equipment. To avoid this situation, the neutral of the distribution line
is somatimas grounded one pole bark from the transformers and the transformer neutral is
grounded at the transformer pole s that the soil resistance limits the noutral current flow,
However, this method has the disadventage that large voltage gradients in the soil near the

consumer's facility may accompany a phase-to-ground fault,
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The delta-connected secondary shown in Figures 6-2(b) and G -2{d) may he pro-
vided with a grounded neutral through a zig-zag transformer or some other means to meet
the electrical codes. The delta-connected secondary is not uncommon, however, where
480 V {or higher) 3-phase service is required in addition to 120/240-V single-phase service.

6.1.2 GROUNDING LOW-VOLTAGE WIRING

The Natlonal Electrical Code requires atl 4 -wire, three phase circuits of 480 V or
less to be grounded if the neutral is used as a circuit conductor.3 In general, if ground on
any ac circuit can be achieved so that the voltage of the ungrounded conductors does not
excard 150 V the system must be grounded. Thus, one side of 120-V single-phase systems
and the center tap of 120/240-V single-phase systems are grounded. A single-point ground
Is recommended (but not required), with the ground electrade being one of the following:

(1} A water pipe or well casing at ieast 10 ft long

{2) The metal frame of a building if effectively grounded

(3) Gas piping (where permitted)

(4} Other underground piping, tanks, etc, 4
(6) Concrete-encased reinforcing bar of underground footings

(6) Specially installed rod, pipe, or plate yround electrodes wnere resistance to
ground does not exceed 25 ohms,

All metal conduit {rigic or flexible), raceways, gutters, metal equipment enclosures, and
hoxes must be bonded for vlectrival continuity. Although the naticna! code estalilishes
these bonding and grounding requirements, there are few qualivy -control checks to ensure
that thie requiremants are met, and the requirements are often so vague as to b subject to a
wire range of interpretations. The primary purpose of these reguirements is to pravent par-

sonnel hazords and equipment damage that might result if yngrounded equipment cabinets
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or outlet boxes inadvertently became energized; as they are practiced, the code require-

ments appear to be satisfactory for this purpose.

6.1.3 GROUNDING ELECTRONIC EQUIPMENT

If the consumer’s facility contains extensive electronic equipment (e.q., a communi-
cations center or computer facility) additional grounding systems may be necessary. In
these facilities it is not uncommon to find two to four ground buses that are interconnected
only at one facility ground point (such as a well casing or a pipe driven expressly for ground
ing purposes).4 This grounding system is required to permit substantially balanced circuits
to be used and segregated according to function served, so that mutual interference between
ac power, dc power, and low-level-signal circuits can be reduced to a tolerable fevel, A sep-

arate tree system for each circuit class is usually claimed, although in practice there are
usually some ciosed loops in the branches of the ground trees. The principal trunks and
branches of 4 ground system for a telephone electronic switching center that contains four
ground systems in addition to the ac power ground are lllustrated in Figure 6-3.

62 EVOLUTION OF A FACILITY GROUNDING SYSTEM

As is pointed out in Section 6.1 above, the grounds for the transmission system, the
building wiring, and the electronic equipment in the building are for quite different purposes.
in general, the reasons for grounding are varied, and it would be presumptuous to attempt to
specity grounding procaedures without first establishing the reasons for grounding and the
goals that the grounding system should achieve. These reasons and goals are usually based on
system functional, safety, and RF interference considerations and are inherently prescribed
hy the system specifications. When th. EMP is included as a consideration in the ground-
system design, at least one more goal hus been addad (EMP hardness), but the reasons for
grounding may remaln unchanged, It iv therefore prudent for the designar to avold becoming
50 engrossed in the method of groundirg the system that he forgats why it is grounded.
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The basic reason for providing a "'ground” in electronic equipment is to establish a
firm reference potential against which signal and supply voltages are measured (or established),
For small systems such as the home radio receiver illustrated in Figure 6-4(a), a metal chassis
cun be used as the reference even though it may not be ""grounded’ (there is no need to
ground the chassis if it is so encased that there is no possibility of a shock hazard), The
| ci\assis potential is the same (almost} throughout the set, so that the power supply, the RF
L amplifiars, the mixer, the |F and audio amplifiers, etc. all share a common reference elec-

trode and only a signal-carrying conductor and a power-supply conductor are neaded to ;
interconnect these stages. |f the chassis were dielectric instead of metal, it might be necas-

sary to provide two wires between stages for the signal and two for the dec power as illustrated
in Figure 6-4(h). If one of the wires is used as a common refarence for both power and signal,
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~

fluctuations in power-supply cutrent might induce L di/dt voltages of objectional propuor-
tlons in the "common’ wire. Thus, the system has evolved into one requiring two references-
one for signal and one for dc powar. Thase two reference conductors must be connected

toguether at one point, but the system may not operate if they are common throughout
the system,

As a final avolution of the simple radio receiver, suppose the RF, |F, audio, and
power-supply sections were built and packaged as separate modules that were physically
separated and interconnected with cablas as illustrated in Figure 6-6, Because the signal
levels In the receiver are quite small, shielded interconnecting cables would be required to
pravent ambient noise picked up on the interconnecting cables from degriding the perform--
ance of the receiver, and the modules would have to be shielded to prevent the interference

on the cable shields from coupling to the signal conductors. Now a third reference system,
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the shield, bas been created. It must be connected to the signal and power-supply teference
conductors to prevent excessive potential differences between the shield and the internal
circuits, but if the shield and the other grounds are connected togethaer at more than one
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Figure 8-6 SIMPLE RECEIVER SEPARATED INTO MODULES INTERCONNECTED BY
SHIELDED CABLES

point, voitage drops along the shield may induce malfunction of the receiver. In addition,
because the shield is presumably exposed to operating personnel, it must be grounded to
earth or building structure to prevent shock hazards. The originally simple receiver is now a
complex, interconnected system with three "‘ground'' systems.

The simple radio receiver, made complex by regressive evolution, provides an excel-
lent example of the advantages of the popular single-point, tree ground system illustrated in
Figure 8-6. The entire ground system is grounded at one point, and sach subsidiary ground
branches out from this trunk attached to the single ground point. 'f any of the brancher
had been connected to each other at mora than one point there would be a reasonable doubt
that the system could achieve the desired performance (even in the absence of extransous
in.luences such as the EMP), Howevar, |f we examine the shield system of Figure 6--5 care-
fully we observe a situation that poses a paradox for the tree concept of grounding. Although
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the signal and power-supply grounds follow the single-point, tree concept, the shisld system
oes not, because there are loops between the shielded cables interconnecting each pair of

modules, Thus, the shield system is a mesh, rather than a tree.

While it would be easy to redesign the simple radio receiver of Figure 6-5 to elimin-
ate the loops in the shield system, in more complicated systems it is sometimes virtually
impossible to eliminate all loops in all of the ground systems. Consider, for example, a
large system with a fesdback loop
such that the output of one module

o — l
-1 __ S ot T is operated on by a second rnodule
——l . .
—_ I qu anc fed back to an upstream module
r e ——-~-LTJ— interconnected with the first, In this
= — i- case it is fikely that the shield, signal
Posctmas.
| common, and power-gystem commeon
will all contain loops, The problem
Figure 8-8 SINGLE -PNINT TREE GROUND can be even further complicated if
SYSTEM

the module enclosures are Installed in
a steel building so that each enclosure
is grounded through its mounting
hardware as well as through tha shield system, The latter problem is illustrated in Figure
6-7(a) where two modules are interconnected through the cable shisld and the mounting
structure. Even if the cabinets ure insulated from the metal floor, the capacitance between
the cabinets and the tloor would close the loop, as is suggested by the dashed capacitances in
Figure -7(a). Opeming the loop by breaking the shield, as indicated in Figure 6-7(b), does
not eliminate the problem; it merely changes its form. Whereas the short-circuit current
induced in the loop of Figure 6-7(a) flows in the cable shield, the opaen-circuit voltaye
induced in the loop can drive the internal circuits when the shield is brokwn as in Figure
B-7(h).
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6.3 PRINCIPLES OF GROUNDING
6.3.1 SINGLE-POINT VS. DISTRIBUTED GROUND
The examples in the preceding section illustrate thal implementing the single-point

tree ground concept in systems with many racks mounted on a common metal structure or
in systems with complex feadback loops may be very difficult or even undesirable, In this

b ==y

3
L
Iuc <

{
-~
J

J‘_ {“———ﬂ-—————--_
T

(s} GROUND LOOP FORMED BY CABLE SHIELD

’VOC

N ——
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Figure 8-7 LOOP FORMED BY CABLE SHIELDS AND METAL FLOOR OR
WALLS

section, an attempt will be made to evaluate the relative merits of the tree ground system
and some violations of the tree ground. For this discussion, two aspects of the grounding
systems will be considered: how it affects normal system performance, and how it affects
coupling to the system from external effects such as the EMP,

Consider a single-point ground consisting of only the ground point and trunk as
illustrated in Figure 6-8. The ground point is assumed to be a point on a metal plane, such
as the steel liner of a shielded building, and the trunk is of length ¢ and of height h above
the ground plane. |f this ground trunk is itluminated with a plane wave, incldent at an ele-
vation angle ¥ to the ground plane and an azimuth angle y to the axis of the wire, the open-
circuit voltage developed hetween the open end of the wire and the ground plane can he
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Figure 6-8 SINGLE-POINT GROUND AND ONE TRUNK

calculated from Eq. (2-18) with pg = -1 and r, = 0, The impedance looking into the open
end of the wire is

Z2(0) = j2, tan Y {6-1)

if perfect conductors are assumed and £ >> h,

At frequencies such that £ << c/f, the impedance and open-circuit voltage expres-
sions reduce to

cos
sinpsin Y
Mok h
2(0) ~ jw—— cosh™! — (5-3)
2n a

where Hg [s the incident-magnetic-field intensity, u, is the permeability of free space, a is
the radius of the wire, and the upper and lower trigonometric functions apply to vertical and
horizontal polarization of the incident electric field, respectively. The voltage is just that
induced in a loop of area h{ by the magnetic flux 2 ug Ho X(angular function) linking it. For
a 1-V/m plane, vertically polarized wave incident at p = 0, the open-circuit voltage induced
at 1 MHz at the end of a conductor 2 cm in diameter, 2cm high, and 3 m long is 2.6 mV,

and its impedance is |5 ohms. |f the right end of the wire were connected to the ground
plane to form a closed loop, a circulating current of 0.6 mA would flow in the loop at 1 MHz.
Thus, from the standpoint of induced effects, the question is, which is less desirable, the 2.6-
mV potential difference between the ground tree and structural ground or the 0.6-mA cur-
rent circulating in the ground loop?
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The answer to this question will depend on the system requirements. |f the ground
tree is that formed by the interconnecting cable shields, the circulating current will usually
be less objectionable than the potential difference because the cable shields eliminate much
of the effect of this current an the conductors ingide the shield. |f the ground tree is the
signal commaon, however, the same potential difference will be induced in the signal lead as
is induced in the common |ead, so that the potentiai difference between the signal and com-
mon leads is nunligible. Unless the terminating impedance is balanced and the terminal cir-
cuits have adequate common-mode rejection, however, part of the common-mode induced
voltage may be converted to differential voltage.

6.3.2 GROUND IMPEDANCE

From the standpoint of minimizing the impedance to ground of the equipment at
the right end of the ground trunk shown in Figure 6-8, a direct connection to the ground
plane is much superior. The impedance between two studs 2 cm in diameter welded to the
ground plane 3 m apart is shown in Figure 6-8 for steal, aluminum, and copper ground
planes that are thick compared to a skin depth. For comparison, the impedance of a ground
cable 2 cm in diameter, 2 cm high, and 3 m long is also shown. The impedance of the cahle
is 10 to 100 times greater that that of the ground plane in the megaher' . .. .quency range
shown (except at the half-wave resonance frequencies for the cable). Thus if the objective
of the ground is to firmly connect chassis or equipment frames to a low-impedance common
hus, connecting these parts firmly to the ground plane by the shortest path possible provides
the hest solution,

in general the impedance of a wire ground connection varies widely with frequency.
At low frequencies, such that the ground lead inductance is small compared to its internal
impedance, the impedance of the ground is determined by the internal impedance of the
lead and/or ground plane plus any contact resistance (in fact, the contact or junction resis-
tance is oftan larger than the resistance of the metal). The low-frequency resistance applies for

f < — (6-4)




where R is the resistance of the metal in the ground conductor and L is its inductance.

At high frequencies, the ground impedance is dominated by the inductance of the
ground lead, which can be estimated from Figure 5-10 or from

Zok
L= — (—5—<f<i> (6-5)
2nL 44

where ¢ is the length of the ground lead, Zy Is its characteristic impedance as a transmission
line, and ¢ is the speed of light (3 X 108 m/s), Since wires over ground planes have charac-
teristic impedances of a few hundred ohms, ground lead inductances are often about 1 uH
per meter of length, The upper limit on the lumped-inductance hehavior of the ground

lead impedance indicated above is the frequency at which the length of the ground lead
approaches a quarter wavelength. For high frequencies such that f = c/4X, the impedance of
the ground isad changes radically with frequency, alternating betwaeen a very large value and
a very small value as is illustrated by the cable impedance in Figure 8-9 for frequencies
above 10 MHz. The impedance of the ground lead is then

¢

'Zy = 2o tan (21rf '.;') (6-6)

for perfect conductors, which varies between — o= and + % as the frequency increases.

6.3.3 TREE GROUND

Suppose that two branches are added to the ground wire of Figure 6-8 so that we
obtain a ground wire with a trunk and two branches as shown in Figure 6-10. Now if this
ground tree is the signal ground for the system, and signal return currents i1 and 12 are
flowing to the single ground point, their sum 11 + 12 must flow through the single trunk. The
voltage V¢ developad by these return currents is

Vo = (1 + 12} Z¢ (6-7)
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GROUND CABLE (right scale)

where Z¢ is the impedance of the line hetwaen the junction and the ground point. In
addition, the voltages V1 and V2 betwesn the right ends of the tree branches and the
ground plane are

Vi= 11029 + 2Z) + 122, 13 8)
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V2 = 1222 + Z0) + e (6-9)

50 that the signal-ground voltage at the end of Line 2 depends on the return current 1. If
the numerical values obtained earlier are used, the impedance of the trunk and each branch
is 5 ohms at 1 MHz, so that 1 A of return current in sither branch will produce 5 V in the
other branch, and vice versa. Thus, the common trunk has introduced mutual coup'ing
batween the subsystem at the end of Branch 1 and the one at the end f Branch 2. Such

mutual coupling may be undesirable {or intolerable) from the point of view of system
performance.
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Figure 8-11 JUNCTION GROUNDED TO REDUCE COUPLING THROUGH TRUNK
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6834 DISTRIBUTED GROUND

The mutual coupling in the trunk can be greatly reduced by grounding the jutiction
to the structure as illustrated in Figure 6-11. If the junction grounding lear! is of length h,
and radius a, its impedance will be

Hoh 2h,
Zn * jw— log — (6-10)
ris a

which is about h/¢ timas the impedance of the trunk of fength ¢ (¢ >> h > a). This reduc-
tlon of coupling through the trunk has been achieved at the expense of forming a "ground
loop’’ containing the trunk. This loop may be quite acceptable for many systems; however,
it may be objectionable under either of the following conditions:

(1) Grounding the signal common merely forces a common-mode signal conver-
sion to take place at the junction (for either the desired signal or the externally
Induced signal).

(2) The loop currents in tha trunk can induce significant signals in the branches
{e.g@., if the trunk and branch are in the same cable or bundle),

6.3.6 STAR GROUND

An aiternative method of reducing the coupling between the branches caused by the
common trunk is to eliminate the common trunk by torming a 'star’’ ground with three
spokes as Illusirated in Figure 6-12, For the simple example being considered here, the
single-point star ground system would be preferred for a signal ground system in which there

is negliyible coupling batween the branches (spokes). It should be pointed out, however, that
if the three branches are in the same cable, there is a possibility of coupling {crosstalk) among _'
them from both mutual capacitance and mutual inductance between the conductors, '
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In practice, Lwisted pairs {or, if naces-

sary, twisted shielded pairs) can be

—Vy used for the signal and signal common
learls to minimize cross-talk between

g the circuits in a common cable. For

more complex systems involving feed-
Figurs 6-12 TRUNK ELIMINATED TO FORM .
A STAR GROUND back loops, the star ground with

twisted pairs does not offer a solution

to the problem of potential differences between separate parts of the system {e.g., V2, V1),

6.3.8 SOME GUIDELINES FOR SYSTEM DESIGN

It is evident from these discussions that one cannot a priori specify an optimum
grounding system that is applicable to all systams or even to all parts of a given system. Each
system and gach part of a complex system has its own peculiar requirements based on func-
tional and sufety considerations. The design of the grounding system Is therefore an integral
part of the system design; it cannot, in general, be designed separately and added to the
remainder uf the system, Nelther can rigid specification of a particular ground type ensure
that the system will funation properly or be immune to external interference such as the
EMP. (n the final analysis, it is the circuit (system) designer’s responsibility to ensure that
the system performs ts intended function reliably and safely in the environments specified.
The following guidelines are offered to assist the designer in achieving his objaectivos:

(1) Use a trae or star ground system with twisted pairs and balanced signal circuits

wherever practical,

(2) When loops are formed by the interconnecting cahbles between separate modules,
use balanced input and output stages with large common-mode rejection for

the signal pairs,

(3) Use separate ground returns for circuits that have large signal return currents or
large rates of change of signal return currents to avoid mutual interference in

common trunks or branchas,




{4)

(5)

(6)

{7)

(8)

(9)

If the system is installed inside a welded steel (or other metal) shielded enclo-
sure, bona all cabinets and equipment racks to the shield, The shields of shielded
interconnecting cables should he connected to the cabinets (or racks) at buth

ends even if this forms a loop.

If the system is inside a closed shield, the walls of the shield should be used as
the common ground for the system, The signal common should be connected
to the inside of the shielded enclosure, and the ac power ground should he con-
nected to the outside of the shielded enclosure (e.g., in an entry vault contain-

ing all other penetratior.s such as communications cables, antenna leads, etc.}.

Avoid connecting the power neutral and exiernal cable shields to the same

" point on the room shield that the signal ground is connected to. This will min-

imize the possibility of coupling large EMP-induced signals on these external
conductors to the signal common through the ground-point impedance (see
items 3 and 5 above),

The building or site ground for the ac power {as required by the electricel code)
should be connected to earth external to the facility shield. This earth connec-
tion may also serve as the external ground for the facility shield if the voltage
drop betweenr the shield and the earth is not a safety hazard or is not other-
wise objectionable,

The use of balancerl signal circuits with twisted paoirs for interconnecting the
subsystems and common-mode rejecting schemes {e.g., isolation transformers)
on those circuits subject to externally induced signals, together with adequate
overall shielding, can usuaily be implemented to minimize the effect of the
EMP on the system,

The use of nonzero ground impedancas (cupacitances for high frequencies,
inductances for tow frequencies, and resistance for static-electricity bleaders)
can often be used to advantage, particularly in view of the fact that zero-impe-
dance grounds can be approached only at low frequencies. Often devices such
as surge fliters, chokes, and high-resistance bleadars can contribute to hetter

overall system performance,
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64 GROUNDING COUNTERPOISE

The use of a grounding counterpoise to reduce the surge impedance of the ground
(earth) connection is a common practice for transmission lines and stations. For transmis-
sion lines, the counterpoise m:iy be an array or grid of buried conductors fanning out from
the tower footings, or it may be one or more continuous buried conductors under and par-
allel to the power conductors to which the towers are connected.!* 2 5 For the transmission
lines, a primary consideration is to obtain an impedance to ground sufficiently low that when
lightning strikes the tower, the IZ drop at the tower footing does not exceed the flashover
voltage of the [ine insulators, Another consideration is that gradients in the soil be mini.
mized for safaty reasons (particularly in populated areas) in the event of a line fault. Station
grounds may be large buried grids, rings, or metal pipes. The station counterpoise servas the
same ganeral purpose as the transmission-line counterpoise as well as providing the reference
for relaying and other protective and control systems.

Large communication stations such as telephone switching centers often use a
counterpolse in the form of a well casing or a buried cable "ring’’ around the bullding, or
both. Such a counterpoise serves a function similar to that served by the power-station
ground; it provides a tow-impedance ground reference for the communication equipment
and it minimizes the gradients in the soil due to surges induced on the power and communi-
cation cable systems,

In an EMP environmant, the counterpoise (or at least the common ground point) may
have some effact in raducing potential differences between cahle systems and power systems,
but because of the lengths of the grounding conductors involved, this effect is usually second-
ary. In addition, the EMP induces gradients directly in the soil, so that the counterpoise
does not reduce soil gradients in the sama sense that it does for lightning surges; it merely
distorts the gradients induced by the EMP. Finally, because the attenuation of currents con-
ducted by buried conductors is very large at high frequencies, only a few metars of the
counterpoise may be effective in grounding the system in the high-frequency part of the
EMP spectrum. The attenuation constant « is

a = \/rfugo (o » we (8-11)

294




a ¥ — o (U s wr) {6-12)

where o is the soil conductivity, u, = 4n X 1077, and ¢ is the permittivity of the soil. For
average soil (0 = 1072 mho/m, ¢ = 8.86 X 10711F/m), the attenuation constant is 0.14 m™'
at 1 MHz (0>>>we) and 0.60 m™! above 18 MHz {0+ <<we). Since 1/cr is the distance in
which the current is attenuated by e”!, this distance is only 7 m at 1 MHz and about 1.7 m
at frequencies where the soil behuves as a lossy dielectric.

Bacause of this large attenuation, the input impedance of a single cable or well casing
used as a counterpoise is assentially the characteristic impedance of the buried conductor.
For a horieontal conductor a few feet deep, this impedance is

T e Q) S (o » we) (6-13)
2rud Yod
Jon Ha b 2 o ‘
o = " lag - -} (o < we) (6-14)
2mu W/t Yod 2

where 6 is the skin depth in the soil, u is the radius of the conductor, o is the soil conduc-
livity, and v, = 1.7811.... For a horizontal conductor with the attachment point along the
run, the impedances will e smaller by 2 since there are then two impedances in parallel,
For average soil (¢ = 107¢ mho/m, ¢ = 8.85 X 10" F/m), the impedance of a 1 inch -dia
meter horizontal cable is 26 ohims at 1 MHz {0 > wc) and 320 ohms at 100 MH2 (0 > W)
if the cable is long compared to 1/« {i.e., long compared to 7 m at 1MHz). The surge inpe-
dance of the counterpoise at high frequencies is therefore large, independent of length, and
ralatively independent of conductor radius. Although the counterpoise impedance can be
reduced by using multiple conductors in @ grid, the high-frequency impedance of the
counterpoise will still he tens of ohms in the vicinity of 100 MHz, so that 100--A surges will
produce k:lovolt patentials at the ground point,
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The difference in the behavior of the counterpoise at high frequencies is illustrated
in Figure 8-13. In Figure 6 -13(a), the dimensions of the counterpoire are smallar than a
skin-depth in the soil, so that the entire ring is effective in carrying and dissipating ground

currents. Its surge impedance i+ low, and its region of influence,” taken as the area within

g one skin depth of the counterpoise conductors, is large. At high frequencies, however, the
skin depth (or 1/ if o ~2< we) may be small compared to the dimensions of the counter-
poise as illustrated in Figure 8-13(b). Then the surge impedance is large and the “region of
influence’ is small. Furthermore, only that part of the counterpoise within about a few

g -

skin depths in the soil is effective in carrying ground current; the remainder of the ring has
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Figure 8-13 BEHAVIOR OF A RING COUNTERPOISE AT LOW AND HIGH
FREQUENCIES
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virtuatly no effect on either the surge impedance of the counterpoise or the ground-current
distribution in the soil. Thus if two or more attachment points separated by several skin
depths are used, each may behave as essentially independent ground points at high frequencies.
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Chapter Seven

POWER-SYSTEM PRACTICES
FOR EMP PROTECTION

7.1 INTRODUCTION

The protection of elactric power systems from the effects of the EMP requires u
determination of the EMP .induced transients in the system and an understanding of the tol-
grances of components of the system for these transients. At present, the transients induced
by the EMP are hetter understoad than are the tolerances of the power system to these tran-
sients — particularly the tolerances of the generation, transmisc: *n, and distribution systems,
The tolerances of the distribution transformer, insulators, and lightning arresters, as presently
understood, are discussed in Chapters Two and Four. The effect of the EMP-induced tran-
sients on supervisory-control systems, relaying equipment, and turbine control systems con-
taining solid-state devices, or on other eyuipment in the generation and transmission portions
of the power system is unknown. These components are apparently sufficiently tolerant to
withstand normal switching and lightning transients (although early versions of some equip-
ment containing silicon-controlled rectifiers were apparently susceptable to switching tran-

sients). However, one is inherently suspicious of equipment Using solid-state electronics
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unless the electronic circuits are heavily protected from the direct EMP fields and from
induced currents conducted into the electronic circuits. 12

The behavior of the consumer’s end of the powsr system is considerably better
understood because this portion of tha system has been analyzed and tested in connection
with several facility hardening and evaluation programs. The object of these programs has
always been to protect the consumer facility from the effects of EMP on tha power system,
however, rather than to protect the power system from the EMP. In most such assessments,
the commarcial power system is considered expendable in the avent of nuclear warfare; the
primary concern is that EMP transients conductad into the facility on the power conductors
do not cause vital equipment in the facility to malfunction. Such a hardening philosophy is
the only prudent one to profess for critical communication and weapon systems that must
function during or immaediately after a nuclear engagement. For surface or air bursts of nu-
clear weapons, the blast and thermal damage will undoubtedly incapacitate power transmis-
sion and distribution squipment within a few kilometers of the burst.3

Weapons detonated at high altitudes do not produce significant blast and thermal
etfects at the surface, however. Their principal effect at the surface will be \he EMP, which
will be experiencad over a large area (hundreds of kilometers) under the burst. Thus, while
it will remain prudent for the designer of criticel facilities to consider the commercial power
system expendable, it may also be prudent to consider making the power system invulnerable
to the EMP from a high-altitude weapon detonation — partioularly If such hardening can be
achieved in the course of providing protection from lightning and switching transients,

As has already been stated, there ure insufficient data on the behavior of generation
and transmission equipment to prescribe specific protection measures.” For this reason, the
protective measures described in this chapter are separated into two categories: measures
that protect the consumer from transients conducted into his facility on the powaer lines,
and some rather general measures for protecting the electric utility system from the effects
of the EMP,

*Studies are currantly in progress under the auspices of the Defense Civil Preparedness Agency. Data from
these studies may help to fill the present void.
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7.2  PROTECTION FROM THE POWER SYSTEM
7.2 EMP PROTECTION OF THE CONSUMER

From the consumer’'s EMP-protection viewpo.nt, the power system is a large collec-
tor of the EMP that penaetrates his facility. The objective of consumar EMP-protection is,
therefore, to eliminate the EMP-induced transients on the power conductors before they
reach sensitive components In the facility. Inasmuch as the open-circuit voltage induced on
distribution lines may ba of the order of megavolts, while some electronic circuits may be
upset or damaged by volts, [ clear that some kind of protective measures will almost al-
ways be raquired for an electronic system that is to survive and operate immediately after
the EMP,

As s evident from Chapters Two, Three, and Four, some of this protection will come
from the power sysiem itself, |f the distribution transformers or potheads are protected with
lightning arresters, tha voltage delivered by the secondary of the transformer will be reduced
to tens of kilovolts, Mismatches at the service entry also raduce the voltage that anters the
low-voltage wiring, and the stray inductance of wiring in metering boxes and circuit -breaker
panels slows the rise time of the transient. Thus, for facilities served by their own lightning-
protected distribution transformars, the transient deliverad to the main circuit breaker may
have a rise time of 30 to 100 ns and a peak voltage of 10 to 5O kV. The task for the facility
designer is then to suppress this remaining EMP-Induced transient and provide a standby
power source to carry the load if the commaercial power sourca fails,

7.2.2 VOLTAGE LIMITERS AND FILTERS

The residual 10 to 50 kV of EMP-induced signal can be adequately suppressed
with a combination of voltage limiters and filters, Secondary lightning arresters that fire at
voltages of 1 to 6 kV are available commercially for use on low-voltage circuits, The second-
ary arresters contaln spark gaps and nonlinear resistances similar to the distribution type
arresters, but they fire and extinguish at lower voltages. The arresters serve two purposes:
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they prevent insulation breakdown in the low-voltage circuits (including the power-line fil-
ters) and they limit the low-frequency (late-time) content of the transient propagating be-
yond the arrestars. Line filters suitable for use on circuits carrying up to 100 kVA are also
available commercially. These filters are usually low-pass 7-sections containing a series in-
ductance with shunt capacitors across the input and output terminals. These filtars usually
have soma specified minimum attenuation (e.g.,, 100 dB) at frequencies above a corner fre-

quency such as 100 kHz so that they suppress the high frequencies passed by the light-
ning arresters, i

The placement of the secondary arresters and line filtars will be determined to a
large extent by the nature of the facility. Two possible applications are suggested in Figure
7-1. In Figure 7-1(a), a portion of the raw power Is used for station-keeping equipment that
is either expandabla or insensitive to transients, Only the portion that is essential for sensi-
tive and essential equipment is filtered, but all of the low-voltage circuits are protected by
the voltage-limiting action of the secondary lightning arresters installed on the incoming con-
ductors at the main circuit-breaker panel, since insulation damage must be providad even
for the parts of the system that are not susceptible to transients. In Figure 7-1(b), all the
incoming power is filtered upon entsring the facility, A standby generator to provide power
in the avent of commaercial power failure Is also shown in Figure 1-7(b). Some or all of the

external equipment shown in Figure 7-1(b) may be enclosed in the entry vault along with
the line filters in some Instaliations. .‘

i i

723 SELECTION AND INSTALLATION OF SURGE ARRESTERS

The secondary lightning arresters used for limiting transient voltage on the low-
voltage wiring should be reliable, maintenance-free units designed for use on 60-Hz power
circuits. Such components are commercially available and relatively inexpensive. They are
designed to fire at voltages 6 to 10 times the peak 80-Hz voltage and will extinguish with
the rated 80-Hz voltage applied. The latter property is important; surge arresters that con-
duct sppreciable 60-Hz follow-on current tend to be short-lived bacause of the excessive
electrode erosion and deformation caused by the follow-on current (fallure then often occurs
as a destructive short-circuit). In additior, the transient caused by the follow-on current
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flowing through surge arresters may be almost as objectionable us the original surge that
triggered the arrester. The secondary lightning arresters should be essentially trouble-free
for the life of the installation {unless @ direct lightning strike to the low-voltage system

is incurred),

The minimum firing voltage of secondary lightning arrasters Is determined by the 60-
Hz voltage of the circuit being protected. Thus, for a 120-volt circuit the firing voltage of
the secondary lightning arrester is usually at least 1000 V. The time-to-fire and the rate of
rise of the current through the arrester are somewhat more variable in that they depend on
the construction of the surge arrester and the wiring through which it is connacted to the
power conductor and ground. Adequate protection is usually obtained if the tima-to-fire is
less than 20 ns at twice the rated firing voltage of the arrester and if the effective time con-
stant for the current buildup is 50 ns or less,

The time-to-fire is a property of the lightning arrester that can he determined exper-
imantally by applying a fast-rising voltage step across the arrester and observing the time lag
before conduction begins. However, the time constant for current bulldup depends mainly
on external-circult properties, although the internal construction of the lightning arrester
may also be a factor. Far example, if the lightning arrester has an effective internal induc~
tance of 80 nH and is connected to a long entrance conductor, whose characteristic impe-
dance is 20 ohms, through 30 inches of lead (with 10 nH/inch), the current rise time constant
Is determined by the 360 nH of inductance and the 20-ohm source:

L 360nH
Do Ve L memscieesees (7—1)
T p 2052 18 ns .

Only the 60-nH internal inductance is attributable to the lightning arrester; the controlling
resistance and external inductance are properties of the external circuits. 1iis avident, there-
fore, that the method of installing a secondary lightning arrester has o strong influence on

its ability to dissipate short transiants of current. A typical installation of secondary light-

niny arresters at the main circuit breaker panel is illustrated in Figure 7-2.
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The following guidelines are provided for the installation of secondary lightning
arresters for EMP protection:

® Usa short leads. The leads that connect the lightning arrester to the power con-
ductor and to the ground should be as short as possible to minimize the external
inductance in series with the arrester. This is particularly important for low
source-impedance installations such as the main bus shown in Figure 7-1{a) where
the lightning arrester is fed by many conduit conductors in parallel.

L ® Use extornal gro.und. The ground side of the lightning arrester should he connected
to a ground point ouiide the shiglded area (pretferably to the circuit-bresker ¢ab-
inet or service-entrance conduit), The surge-arrester discharge current should

never be allowed to flow directly into the internal ground point used for sensitive
electronics equipment inside the shielded crea.

® (nstall arresters on all phase conductors. Arresters should be installed between
each phase conductur and local ground. |f the neutral ¢* single-phase common
are grounded (to the conduit or cabinet) in the main circuit-breaker cab:inet, they
will not nead secondary lightning arresters. |f the neutral or common ground-
point is quite remote from the main circuit-breaker panel, or if the ground con-
ductor is directly exnposed to the EMP, secondary lightning arresters should be
installed hetween thase conductors and the cabinet or conduit in the main circult-
hreaker cabinet,

® Foliow lightning arresters with filters. Power supplied to sensitive electronic sys-
tems should always be filtered betwedn the lightning arresters and the sensitive

erjuipment. The lightning arrester only limits the transient voltage; it does not
eliminate transients on the power conductors {sometimes the rates of change of
the voltage or current are actually increased by the lightning arrestet). Low-pass
filters (either in the power system or in the equipment) are requiiud to protect the
equipment from the transient passed by the lightning arresters.

305




The discharge-current requirements for the secondary lightning arresters are also
determined by the external circuit. For times less than the round-trip propagation time on
the service-entrance conduit or cable, the current through the surge arrester is limited by
the characteristic impedance of the conductor. Thus, for example, a 20-kV (open-circuit)
transient entering on a 20-ohm conductor can deliver only 1000 A to a short-circuit until the
discharge-current wave has propagated to the opposite end of the conductor and back to the
discharge point. At later times, the discharga current will depend on the source impedance
at the opposite end of the entrance conductor, This impedance is often tens or hundreds ot
ohms on phase conductors, however, so that peak surge-arrester currents seldom exceed the
value obtained by dividing the open-circuit voltage by the characteristic impedance of the
entrance conductor {see Chapter Threa for more exact techniques for determining the short-
circuit current at the end of the service entrance).

Since the duration of the high-level transient passed by the distribution transformers
is usually less than 1 us, the total charge transferred through the surge arrester by an EMP-
induced transient with a peak open-circuit voltage of tens of kilovolts is only tens of milli-
coulombs. The current and chargye transfer ratings required of secondary lightning arresters
for EMP pretection are thus lower than those required for lightning protection, for which
longer pulses of similar inagnitudes are usually speaified.

7.24 SELECTION AND INSTALLATION OF LINE FILTERS

As hasg heen discussed in the precesding sections, secondary lightning arresters can be
used to limit the peak transient voltage to a faw kilovolts so that insulation breakdown and
flashover in the low-valtage wiring is himitad. Transient voltages of a few kiluvolts are per-.
mitted to propagate along the conductors heyond the lightning arresters, however, and {ost
acting lightning arresters can cousa fast-changing voltage and current transients in these cir-
cuits, The purpose of power-line filters is 1o remove these fast-changing components of
the transient that remains after the lightning arresters have acted), Commercially availuble
line filters are typically low-pass n-section filters with a large insertion toss at frequancies

306




AN

Lo il e S st S e

ER Y B3CoPe i oy

wall above the 80-Hz2 or 400-Hz power frequency, but fairly low-loss at the power frequen-
cies. These filters can thus greatly suppress the large rates of change in current and voltage
conducted past the lightning arresters.

Power-line filters should, like the secondary lightning arresters, be reliable and main-
tenance-froe for the life of the installation axcept in extenuating clrcumstances such as a
direct lightning strike to the low-voitage conductors or a short-circuit in the filtered circuit
that Is not cleared by circult breakers or fuses. Most filters will tolerate sufficient temporary
overcurrents that faults on properly protected circuits will not damage the filters, Thus, for
axample, 8 100-A line filter on a circuit protected by a 100-A fuse or circuit breaker should
not ba damaged by the fault current required to blow the fuse or open the circuit breaker,

The primary factors, ather than line voltage and current ratings, that influence the
choice of line filters for EMP protection are the high-frequency attenuation and the insula-
tion breakdown or flashover characteristics of the input terminals. The filter must bes able
to tolerate the peak voltage, rate-of-change of voltage, and rate-of-change of current passed
by the secondary lightning arresters. n-section filters with shunt capacitors can usually tol-
erate large transients of short duration since the input capacitance of the filtar can absorb
the transient charges without large voltage changes, Their ability to do so, however, depends
on the quality and size of the input capacitor, Very large capacitors that could, in principle,
absorb larpe currents without big voltage changes, may, in fact, behave as inductors at high
fraquencies. Therefore, for EMP applications in which large amplitude, short-duration volit-
age transients may be delivered to the filter, the filter input characteristics must be care-
fully examined.

It is recommended that powar-line filters for facility power applications such as
those illustrated in Figura 7-1 be tested with a short, high-voltags impulse to determine
that the input capacitance and insulation will withstand the fast, high-voitage transients
passud by the secondary lightning arresters. A suggested test circuit and impuise waveform
are shown in Figures 7-3(a) and (b) for filters expected to operate on 6G-Hz voltages of
480 V or less. Note that the voltage waveform in Figure 7-3(b) is the open-circuit voltage
behind the 26-ohm source impedance. Thus if the input capacitance of the filter is 1 uF,
the test pulse will increase the filter terminal voitage to only about 100 V. If the input
capacitor behaves as in inductance at early times, however, the terminal voltage may rise to
several kV and pe*mit the terminals to flash over or cause the capacitar dielectric to break-

307




down. Because a dielectric breakdown in the input capacitor would be a catastrophic fail-
ure of the filter, it is recommended that the filter be tested with a fused 60-Hz source of
rated voltage applied to the output terminals so that insulation failure resulting in 60-Hz
follow-on current can be detected. A suggested pulser for generating the test pulse is shown
in Figure 7-3{c).

The high-frequency attenuation of powaer-line filters is specified in terms of the
insertion loss when the filter is placed in a 50-ohm circuit. The tests for measuring the inser-
tion loss prescribed by MIL-STD-220-A are widely used in the manufacturing industry for
specifying and evaluating line filters, The rudiments of this test are illustrated in Figure 7-4,
where it is seen that the current through a 60-ohm load on a 60-ohm source is measured
before and after the filter is nsertad between the source and the load. The ratio of the unfil-
tered load current to the flitered load current (usually uxpressed in decibels) is the insertion
loss of the filter. Insertion losses of 80 to 100 dB at frequencies above 100 kHz are common
for commercially available line filters. It is widely recognized that the insertion loss measured
in a 50-ohm circuit is not readily applicable to any other circuit impedanca levels unless
additional Information on the filter is available, For high-current, 60-Hz, 7-section power-
lina filters, however, the serles Inductance must be small {millihenries or less}, to minimize
the insartion loss at the power fraquency, which implies thet the shunt capacitors must be
large {~ 1 uF), in addition, many of the conduit-and-conductor transmission lines used in
electrical wiring have characteristic impedances within a tactor of 2 ot 60 ohms, so that for
many of the fast transients associated with the EMP, the 50-ohm impedance 1svel is an

appropriate mean velue. Thus, for power-line filters, one can infer some of the properties
of the fiiier, and it can be deduced that the attenuation with the 50-ohm impedance level is
a reasonable approximation of the attenuation to be expected for the very rapidly varying
components of the EMP--induced transients,

Faor EMP-protection of a shielded facility, filters should be installed on the neutral
{or cummon) as well as on all phase conductors entering the shielded area. The ground sides
of the filters should be connected to the outer surface of the shield — preferably by bolting
the filter case directly to the shield. Only the output terminal of the filtar should be per-
mitted to enter the shielded area. A common practice is to install the filters in a closed metal
vault attached to the shield as illustrated in Figure 7-5 so that exposed wiring and filter in-
put terminals are shielded from the external environment.
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728 AUXILIARY POWER SYSTEMS

725641 Function of Auxiliary Power Systems

[PERL-S

Installations requiring continuous and reliable power are usually operated
from commaercial power and provided with standby sources to provide power in the event of
, commercial power outage, Such systems are used in critical facilities such as hosplitals, com-
: munication centers (civil and military), strategic military systams, power stations, and computer

centers, and in similar facilities where power failure would cause loss of life, critical operat-
ing capability, or essantial data. In many installations, even momentary |oss of power or
transients in the power system are intolerable. For example, computer centers and electron-
ically controlled communication centers may lose stored data during a power outage or be

[

upset by transients. Therefore the auxillary power systems are usually designed to protect
the facllity from interferenca {lightning and switching transients) conducted in on the power
tines as well as to provide stable and continuous electric power,

Auxiliary power systems for these applications usually consist of a combina-
tion of storage batteries and one or more engine-generators, The storage batteries are kept fully
charged from the commercial power, so that when an ouJtage occurs thay can supply the
facility operating power for a brief period (from a faw minutes to a few hours). |f the com-
mercial power outage lasts longer than a few minutes, the engine-generator is started (usually
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automatically) and the facility load is transferred from the commercial power service to the

engine-generatar. The engine-generators can supply power for days, or weeks, if necessary.

A schematic diagram of an “uninterruptible power system’’ is shov\(n in Figure
7-8. The 60-Hz commercial power may be used directly for certaln station-keeping functions
such as outdoor lighting, and operating pumps, air conditioners, ett. The "“uninterruptible”
rectified power may also be used directly as the de source for operating electronic equip-
ment. '‘Clean’’ 60- Hz power for sensitive equipment is obtained from a motor- generator
driver by the de supply. In the event of commercial power failure, the storage batteries con-
tinue to supply dc power and drive the motor-generator to provide 60-Hz power whila the
engine generator is being started and brought up to sgezd. A properly designed power system
of this type can provide a higl. degree of immunity to power outages and line transiants for
the systemn operated from the de or “‘clean’ 60-Hz power,

7.26.2 The Automatic Transfar Switch

A key component of an auxiliary power system is the automatic transfer
switch., The function of an automatic transfer switch is to transfer a load from the normal
(or preferred) power source to an emergency supply if normal voltage fails or is substantially
reduced. Once the normal source is again in proper operating condition, the transfer switch
should automatically restore the load to its original feeder lines, regardless of the condition of
the emergency supply. A schematic of the automatic transfer switch is shown in Figure 7-7.
This model is designed to provide ful! protection in 60-Hz, three-phase, 3-wire or three-

phase, 4-wire solid neutral power services.

A properly designed transtfer switch should be rugged, dependable, and
rated for continuous duty, since failure of the unit mighit well create the hazard it is intended
to eliminate — complete service outage. For similar reasons, it is desirable that the switch
operate from the power source that is to be connected. Also, failure of a relay coil or control
circuit in the transter switch should not leave both normal and emergency contacts in the
open position,

It is also necessary to provide suitable time lags in the switch's operation to

allow for generator starting and warm up, and for the return of stable normal power or the
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shut-down of an emergency power source after a return to normal power. Time delays
should be used to prevent unnecessary transfers due to momentary dips or transient outages.
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Switching, once initiated, should be fast (less than 10 cycles) to reduce contact burning and ‘
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pitting during make and break operations. Other useful attributes of an automatic transfer switch
include minimum maintenance, quiet normal operation, and minimum space requirements,

Because the automatic transfer switch must ba Jocated in the main or second-
ary branch circults, the switch and its component parts may be subjected to the full magnitude
of any EMP-induced voltages and currents couplad through the service transformer bank and 4
service-entrance conduit to the main circuit-breaker panel. Therefore, the transfer switch ;
must be resistant to the EMP-induced transients coming in on the power conductors, Trans-
fer switches that contain only electromechanical relays for sensing and logic functions are
usually relatively immune to EMP-induced transients that do not exceed the insulation
strength of the switch compnnents. However, there is a tendency to use solid-state elec-
tronic circuits for sensing and for providing time delays in modern transfer switches. Such
components are much more susceptible to failure induced by the EMP transients, Therefore
the transfer switch itself must be protected from transients on the commercial power system
by voltage limiting and filtering if the switch is to function during or after an EMP environment.

et e flaita
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7.3  PROTECTION OF THE POWER SYSTEM

As was indicated in the beginning of this chapter, the tolerance of the power system
to the effects of the EMP are largely unknown, It is suspected that transmission and distri-
bution lines that are adequately protected against lightning will be relatively immune to the
effects of the EMP.% 5 Similar immunity is suspected in the case of transformers and elec-
tromechanical switch gear instalied in accordance with modern lightning-protection practice.
The principal uncertainty in these componants is the ability of the solid dielectric to with-
stand the large EMP-induced voltages that might be daveloped before the lightning arresters
fire. Insufficient testing has been conducted to provide assurance that the solid insulation is
adequately protected by conventional lightning arrasters, although the results to date suggest
that conventional protection may be adequate. For tha present, therefore, the primary EMP-
protection policy for the transmission and distribution lines, transformers, and switchgear is
an effective lightning-protection policy.® 1 For utilities in areas of high lightning incidence,
lightning protection is probably already practiced; utilitiss in areas of low lightning incidence
may nead to upgrade their lightning-protection systems to reduce vulnerability to the EMP.

Because very little is known about the vuinerability of many crucial parts of the power
tystem, however, only the most general recommendations can be made., Modern supervisory con-
trol systems, turbine control systems, and relaying equipment, for example, use solid-state
electronic components in varying degrees. |t is strongly suspected that some or all of this
equipment may be susceptible to damage from the EMP-induced transients, but no data on
the nature or levels of susceptibility are available.

The utilities can, without expensive EMP testing, make a crude assesimant of the vul-

nerability of their equipmeant by observing the types of equipment that fail and the nature

of the fallures in an environment of transient activity such as that accompanying thunder-
storm activity or fault-clearing operations, Components that malfunction or are damaged

in these anvironments may also be susceptible to the EMP transients. An occasional mal-
function under sevare lightning or fault conditions may be tolerable in one part of the system,
but in the EMP environment, the sntire utility system and most of its neighboring utilities
may be exposed to the high feval fast transient axcitation. Thus, if a component is vuinerabls,
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all such components in the power netwark may malfunction simultaneously to cause & dis-
astrous disruption of the system. Therefore in assessing the vulnerability of the system to

the EMP, even rare malfunctions associated with severe transient activity may be significant,

Based on present understanding of the characteristics of high-voltage componants
and fast-pulse technology, it is assumed that the high-voltage components of the transmis-
sion and distribution systems are probably the least vulnerable to the transients induced by
the EMP - particularly if good lightning-protection practice is employed. Low-voltage con-
trol circuits — particularly those with sensors {current or potential transformers) on trans-
migsion leads and those containing solid-state electronics — appear to he the most vulnerable
to the EMP. Low-voltage circuits connected to instrument transformers arae particularly
suspect because the fast rise-time of the EMP-induced transient will be coupled through
these transformars much more etficiently than the slower lightning and switching transients,

Improvements in the EMP protection of these low-voltage circuits can he achieved by
following the principles used to protect sensitive equipment from transiants conducted in on
power leads.! 2 8 For systems already in existence, the hasic hardaning technigues are!

(1) Making maximum use of existing shielding afforded by cabinets and housings
through oparating and maintenance procadures,

(2) Installing voltage-limiting surge arresters on conductors that penetrate these
shields.

{3) Installing low-pass line filters on low-voltage conductors penetrating these
shields.

(4) Modifying operating characteristics of logic systems so that lockouts or lockups
cannot be triggered by a single, wide-spread event,

For new systems and componaents, considerable EMP immunity can be incorporated
in the design by taking precautions to ansure that housings, cabinets, etc. are designed for
shielding integrity as well as mechanical protection, etc. In addition, surge filters and surge
limiters can often be incorporated into new designs at little additional cost. Power-system
componants have the advantage, from the EMP-hardening point of view, that they must be

318




inherently immune to lightning and switching transienty, Hence, the edditional protection
required to reduce their vulnerability to the EMP-induced transients may be quite minimal.
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Chapter Eight

TESTS OF COMPONENTS
AND FACILITIES
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81 INTRODUCTION

The tests of power-system components and consumer facility and consumer com-
ponent sensitivity to EMP-induced transients on the power system can be divided into three
categories:

(1) Standard tests — established by the |EEE and the American Standards Asso-
ciation and designed to determine transmission-system component insulat’on
levels and tolerance to lightning and switching transients,

(2) Component tests — with simulated EMP to determing the tolerance and trans-
fer charactaristics of power system and consumer components or items of
equipment,
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(3} Facility tests — with simulated EMP transients injected at the service entrance
to evaluate the tolerance of the facility wiring and components for the EMP-
induced transients on the distribution system and to determine the excitation
of internal equipment.

A fourth category of test could be pnstulated to determine the response of the power
transmission and distribution network to the EMP. At present, however, no practical method
of performing such a test has bean proposed. Until such a method is developed, theretore,
power network response must be assessed by a combination of direct-injection tests at the
“nodes’’ (consumer facilities, switching centers, substations, etc.) and network stability
analysis, [t is quite likely that network assessmant will naver progress beyond this state
because of tha very serious technical and political problems associated with wide-area
illumination of a power transmission network. In any event, much work remains to be done
at the node and network analysis level before the implications of EMP interaction with
power networks can be evaluated,

Tasts of equipment and facilities are usually required to (1) determine the coupling
between the incident EMP and a component or subsystem, (2) evaluate the sensitivity of
the equipment to the coupled signal (i.e., threshold for damage or upset), and (3) assass the
effectiveness of designs for reducing vulnerability to the EMP. The complexity of EMP tests
varies f'rom fairly simple laboratory tests of components to very complex tests of entire
facilities. The nature of the test requirenients (s also influenced by the state of evolution of
the system. Existing facilities that are to he upgraded usually requira all forms of cesting
listed above, while new systems designed to be immune to the EMP may require primarily
the design-eltactivenass tosts,

Experimental determination of the EMP tolerance and throughput is the only reliable
means of obtaining these characteristics of most electrical systems because the broadband
and nonlinear pruperties of most components are not well known. To illustrate this,
consider a typical electric appliance designed to operate on 120V, single-phase, 60 Hz.

Its functional characteristics at 120 V, 60 Hz are usually well understood, but what can be
said of its electrical properties at frequencies between 100 kHz and 60 MHz, and what will
happen to the applicance if it is subjected to a 5-kV common-mode voltage transient on
the power conductors? The naineplate data otfer little help in answering these questions,
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and often even the design data are of little value in evaluating the high-frequency and high-
voltage characteristics of the appliance.

Because many items of equipment that are designed to operate from low-voltage,
60-Hz power are not designed to have specific high-voltage or high-frequency characteristics,
these characteristics may al3o vary considerably among supposedly interchangeable items.
This is attributable to the fact that manufacturing techniques and tolerances that aftect the
high-voitage and high-frequency characteristics are not controlied unless they also affect
the 80-Hz performance. Because of this variability from unit to unit, it is important that
the basic coupling mechanisms {or malfunction mechanisms) for each piece of equipment
be understood, and that more than one item be tested, if possible, to ascertain that the
same mechanism prevails in each case,

8.2, STANDARD INSULATION TESTS

The : urpose of standard insulation testing Is to demonstrate that the design, work-
manship, & . materials of electrical equipment are adequate. Such testing originated from
the need to design and certify transmission and distribution system components capable
of withstanding the transients associated with lightning and line switching, These tests are
not nuclear EMP tests; they are quality-control tests established by the industry, Thay are
described briefly here to illustrate the insulation standards used in the design of transtormers,

bushings, insulators, etc.

The insulation tests conducted by the power-component testing laboratories are of
three types: (1) full-wava itnpulse tests with a pulse having a rise time of typically 1.6 ps
and a decay time (to half the peak vaiue) of typically 40 us, (2) chopped-wave impuise
tasts in which the tast waveform is truncated (chopped) after a few microseconds by
shorting the source through a spark-gap switch, and (3) a low-frequency test at twice the
rated voltage and at about twice the rated frequency for up to 1 minute.) These tests are
not routinely conducted as a part of the manufacturing quality control; rather they are
conducted as a part of the design qualification procedure, on samples of a naw or altared

component design. Thus, although a component has heen designed and manufactured for
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a basic insulation lavel, each individual component is not necessarily subjectad to the tests
specified for that basic insulation level.

The full-wave impulse test is conducter with a high-voltage pulse applied across the
insu'ation. The pulse shape is basically an exponential pulse with a finite rise time such as
that illustrated in Figure 8-1. The pulse is specified in terms of its crest value V, the time to
| crest T,, and the time to half-crest T+, The method of determining the time to crest and
" the time to half-crest is illustrated in Figure 8-1, The commonly-used impulse for insu-
lation testing is the 1.6 X 40-us pulse, which means T, = 1.6 us and Ty, = 40 us. The crest
, value V is a function of insulation class (voltage rating) of the equipment. Crest voltages
‘ for full-wave impulse tests are given in Tables 4-1 and 2-2 for most transmission and dis-
tribution voltages.

For chopped-wave tests, the waveform of Figure 8-1 is foreshortened hy shorting
the pulse source out after a predetermined time with a spark-gap switch, Tests with the
chopped wave are conducted with slightly larger crest voltages, as can be seen in Table 4-1,
However, the duration of the pulse is usually 3 us or less,

The low-frequency tests of transformaers and similar equipment are conducted at

twice the rated frequency and at lenst twice the rated voltage of the equipmaent. At twice

the rated frequency, the copper and iron losses are lower, 30 that the component can
withstand tha higher voltages without overheating, This test provides an evaluation of
sustained ac overvoltage (test time [s 1 minute or less) effects on the insulation batween
turns and between the winding and case.

83 EMP TESTS OF EQUIPMENT

8.3.1 PURPOSE OF EQUIPMENT TESTS

EMP tests of power-system or consumar facility equipment are usually conducted
for one or both of the following purposes: (1) to establish the threshold for equipment
malfunctions or failure, and (2} to determine the transfer function, or EMP throughput,
of the equlpment.2'3
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The thrashold for equipment malfunction is a measure nf the tolerance ot the equip-
ment for the EMP-induced tranglent. This tolerance for the transients induced through the
power system may be determined by injecting transients an the power leads supplying the
equipment, |n general, however, there may be several other coupling mocdes to which the
gguipment is sensitive, so the susceptibility to transients conducted on the power leads
should not be considered the only susceptibility of the equipment. As is illustrated in
Figure 8-2, the equipment may also have ground conductors and signal input and output
conductors, and the equipment and Its interconnecting conductors may be exposed to the
incident EMP field or some fraction thereaf. The equipment may he susceptible to the
fields and to EMP-induced transients conducted un any (or all) of the other conductors,
Thus although tha emphasis of this handbook Is on susceptibility to transients related to
the power system, It (s important to recognize that these other paths also exist.

322




POWER

SIGNAL (i _...._...._._....g SIGNAL

oo —————— ———\ ouTPUt

HOUSING OR
CHASSIS

GROUND

Rigure 8-2 CONDUCTURS ENTERING OR LEAVING AN EQUIPMENT CABINET

The determination of the transfer function, or throughput, of certain types of equip-
ment Is often necessary to determine the nature of tha EMP-induced transient passed
through the equipment to more sensitive components downstream. Chapters Two through
Five of this handbook describe techniques for detarmining the transfer functions for trans-
mission lines, service entrances, and transformers so that, given the input fields or source
characteristics, the voltages or currents at the output {(downstream) terminals can be
evaluated. Similar characteristics for other components of the power system or consumer
facility may be required to evaluate the transients delivered to sensitive components, In
Figure 8-2, for example, it may be necessary to determine the transient delivered to the
input, output, and ground conductors by the EMP-induced signal conducted into the equip-
ment on the power conductors.




8.3.2 DIRECT-INJECTION TESTS

Tests of equipment responses to transients conducted on the power conductors
usually make use of some form of direct injection of the transient on the conductors. Some
of the important considerations In performing such a test are:

{1} What are the Thavenin or Norton source characteristics of tha signal to be
injected?

(2) How are the other conductors (i.e., input, output, ground) terminated?
(3) s it important that equipment be enargized when it is tested?

(4) |8 it necessary to astablish and hold a particular state or operating mods during
, the test?

(B) Is the equipment part of a system with faedback such that its output affects
its input?

(6) Are other environmental factors such as ambient pressure, temperature,
humidity, illumination, or combustible vapors important to the test results?

h {7) Do transiants conducted on other conductors or induced by the EMP fialds
affect the responses to the transients o:i thao power conductors?

Most of these questions relate to specific properties or functional characteristics of
tha equipment to be tested and can be answered only when a particular item of equipment
p and Its operating characteristics and environment are specified, This section will be confined
primarily to techniques for Injecting signals onto power conductors for the purpose of
evaluating the tolerance or transfer characteristics of the equipment. However, the source
i chavactaristics of the excitation source can be defined from tests such as those described
in Section 8.4.2,

For the case whers one and of a power circult is accessible for injection of test
signals, a common-mode test voltage can be directly injected at the end through an imped- ;
ance matrix as illustrated in Figure 8-3, The impedance matrix may simulate the
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impedances usually connected hetween individual conductors and between the conductors

and the conduit. In the case of a very long conduit, the voltage delivered to the conductors
is:

Z
Vin = —_— (8-1)

where V is the source voltage, Z;y, is the input impedance of the conductcrs with their
normal load on the right-hand side {see Figure 8-3), and Z is the common-moue inpedance
of the tefmli.nating resistars between the source and-the conductors, It should be notad that,
if the righthand end of the conduit circuit is also terminated in its characteristic impedance,
only hulf of the source voltage is applied to the conduit.

This method of driving power conductors is perhaps the most straightforward and
commonly used of all the direct-injection methods. 1t can also he used with unshislded

~ cables that are routed along a metal structure or are placed in metal cable trays. With

unshielded cables of this type, the conductors are triven against the metal structure or

t'rays rather than against the conduit. One disadvantage of this methoti is that the conductors
belng driven must be disconnnected at one end; hence, the equipment may not be operating
in its normal state during the test.

When one end of the circuit is not accessible, a different injection method must be
used. Such cases arise where disconnecting the power precludes operating the system in its
normal mode. |n these cases, it may be necessary to accept some compromise in the quality
of the simulation to perform tests economically. One approach that can be used under
certain conditions is illustrated in Figure 8-4. At some suitable junction in the power system
the excitation source is capacitively coupled to the conductors and permitted to drive them
with respect to the local ground or conduit. As illustrated in the figure, however, the current
injected at this point is divided into two parts, one flowing in each direction from the injec-
tion point. Because this method of distributing the current differs radically from the current
distribution that would have resulted from the EMP excitation of the system, some care is
required in designing a valid test using this approach.

A test using the injaction method shown in Figure 8-4 will be valid orly if the
equipment response is not affected by the attachment of the energy source. Because the
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Figure 8-3 IMPEDANCE MATRIX USED TO INJECT COMMON-MODE VOLTAGES

squipment to the right of the injection point in Figure B-4 is of primary interest in the test,
for the test to be valid the portion of the current that flows to the left from the injection
point must not bae reflectad hack into the right-hand circuitry during the period when the
system Is being observed to determine its response to the EMP, This condition implies that
no significant reflections should return from the left end of the circuit. Thus the circuit to
the left must be very long ( & round=trip transit time that is longer than viewing time), or
very short { a round-trip transit time that is shorter than any response of interest), or it
must be terminated in a matched load (no reflections).

if the driven conductors cannot be made very long, the stipulation that attachment
of the excitation source should not significantly affect the system response usually implies
that the coupling between the direct-injection source and the system conductors must be
80 loose that the system impedances are not significantly affected, It is important to
observe that the loose-coupling requirament applies to the differential~mode impedances
as well as to the common-mode, or line-to-ground, impedances. That i, the attachment
of the energy source should, in general, disturb neither the lina-to-ground impedances nor
the line-to-line impedances of the power circuit at the injection point. The loose-coupling
requirement usually requires that much of the source voitage be dissipated in the coupling
network.

An alternative to the capacitive coupling method illustrated in Figure 8-4 is the
inductive coupling method illustrated in Figure 8-6. In this method, the power conductors
are made the one-turn sacondary winding of a transformer by threading them through the
window of a toroidal ferrite core with the conductor carrying the source current.
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This method has the advantages that the squipiment can be opdrated with power on during
the test, and the impadance added to the power conductors by the toroid is usuatly small

enough that it can be wnored,

84  EMP TESTS OF FACILITIES
8.4.1 EXCITATION OF THE SERVICE ENTRANCE

Tests at the facility level are also performed primarily to extablish threshaolds for
malfunctions and to determine transfer functions from the power service (e.g., the dis-
tribution linas or service entrance) to points of interest in the facility. For existing facilities,

diagnostic testing may be performed to locate and rank malfunctions as well as to proof-test
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the facility after modifications have been made to increase its tolerance for the EMP-induced
translents, New facilities designed to be immune to EMP must aiso be testad to evaluate the
success of the dasign.

In almost all cases in which EMP coupling into facilities is to bhe examined experi-
mentally, it {8 necessary to perform the test without disconnecting the power. There is
usually a significant change in the state of the circuits and equipment inside the facility
when the commercial power is disconnaected, because of relays becoming deenergized, auto-
matic transfer switches becoming activated, and active electronic systems becoming dormant.
Thus, unless the facility is very simple or totally passive in its function, it will probably be
necessary to test with the power on to obtain valid results. For this reason, the capacitive
or inductive couplirng mathods have been used for injection of the simulated EMP on the
service-entrance conductors.

As with direct-injection testing of equipmant, the effect of the excitation source
impedance on the systam response must be considered. At the facility level, however, there
is often sufficient attenuation between the excitation source and the intarnal egiupment
that the source iImpedance is not a dominant factor. For economic reasons, the source
impedance s often compromised to avoid the expense of loosely coupled megavolt puise
sources. Thus, for example, a 100 kV-tightly coupled source might be used where strict
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adherence to preservation-of-impedance concepts might require a 10-MV loosely coupled
source,

Because the insulation and coupler design requirements are more severe and the
personne! hazards are greater if the pulse Is coupled to the primary side of the distribution
transformer, it is usually preferable to perform the injection on the secondary side. This
often has the additional advantage that a substantially lower voltage is required. Because
of the filtering action of the transformer and the mismatch between the aerial line and the
conductors in the conduit, only a fraction of tha open-circult voltage induced in the dis-
tribution lines is transmitted into the service-entrance condult. This is another reason that
a low-voltage source {e.g,, 100 kV) can be used to simulate the effect of several megavolts
induced on the distribution lines.

The schematic of a capacitor discharge pulser with capacitive coupling to the power
conductors is shown in Figure 8-8, This direct injection pulser was designed so that the
high-voltage energy storage capacitor could be placed at ground level. Tha capacitive
coupler unit is mounted near the service-entrance weatherhead and connected to the energy
storage unit through four 60~-ohm coaxial transmission lines operated in parallel, The reac-
tancs of the coupling capacitors is large enough that little 60-Mz current fiows through
them, but throughout most of the EMP spectrum, their reactance is so small thet virtually
all of the pulser voltage Is applied to the power conductors. The coupler installed at the
weatherhead (but not yet connected to the power conductor) is shown In Figure 8-7,

8.4.2 OBSERVATION OF THE SYSTEM RESPONSE

For the simplest form of proof-test, the system response may by judged on the
basis of whether or not the system functions properly during and after the simulated EMP
is injected into the service entrance. Visual and aural observations to detect any sputious
arcing are usually included in such a test. It is more common, however, to provide some
instrumentation to make quantitative measurements of selectad internal currents and
voltages so that the margin by which the system passud or failed the tast can be determined.
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Figure 8- SCHEMATIC DIAGRAM OF POWER-LINE PULSER AND COUPLER

Such instrumentation is a necessity for those tests whose primary purpose is to
determine the excitation levals to be used in the equipment tests described in Section 8.3,

The basic instrumentation required for measuring the system response |s a selection
of current probes, high-voltage probes, and a low-power, wideband oscilloscope with a
camera capable of recording at fast writing rates (1 cm/ns). Commercial wideband
(100 MHz), low-power (=160 W) oscllioscopes and cameras are readily available, 1
shielded operation is necessary, inverters for operating the oscllioscope in a shieldad
enclosure from a 12-V storage battery are also available. (One of the advantages of direct-
injection testing is that large extaernal flelds and the instrumentation problems associated
with them are not produced).

Currant probes with a variety of window sizes, amplitude and frequency character-
istics, and attachment provisions are also available commercially, Most of these current
probes have transfer impedances (ratio of output voltage to current through the window)
that decrease with decreasing frequency below a few kilohertz so that they tend to suppress
the response to 80-Hz current in the power conductars. This property is desirable for
making measurements of transients whose peak current value is equal to or less than the
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60-Hz current in the conductors. The hinged, clamp-on type of probe is also very conve-
nient because it eliminates the necessity of disconrecting conductors to thread them
through the window of the probe.

Passive wideband voltage probes are also available for measuring voltages ranging
from a few hundred volts to about 30 kV. The high-voltage probes are excellent for
measuring voltages with peak values greater than a few hundred volts on 120/240-V power
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Figure 8-9 DEFINITION OF THE EXCITATION are shown in Figure B-8,
FOR AN INTERNAL EQUIPMENT COMPONENT

When the purpose of the test
is to establish the excitation levels for later use in direct-injaction tests of internal equip-
mént, some consideration should be given to methods of specifying these excitation levels,
These levels can be specifiad in terms of the in sity current and voltage on the conductors
entering the equipment, or they can be specitied in terms of a Thevenin (or Norton)
equivalent source (see Figure 8-8]. In the first cate, the excitation source contains the
unknown characteristics of the remainder of the facility (which must be simulated in a
bench test of the componant equipment). |n the latter case, the characteristics of the
ramainder of the facility are contained in the Thevenin equivalent source voltage and
impedance. The in sity measurements are usually esasier to make than those nacessary to
spacify the Thevenin equivalent sourca, but they may be inadequate to define the exci-
tation source for laboratory or bench tasts of the component. On the other hand, to define
the Thevenin equivalent source, both the short-circuit current and the open-circuit voltage
(or one of these and the source impedance of the circuit) at the excitation point must be
measured. Measurement of open-circuit voltage and short-circuit current with the power
on s often impossible, however,

A

e b e Bl

This paradox can usually be resolved by acceptable estirnates or approximations to
the characteristics of the Thevenin aquivalent source based on power-0ff measurements or
circuit analysis. If it is necessary to specify the Thevenin source impedance more accurately,
series inductance and shunt capacitance can be inverted at the terminals of the component
to measure the open-circuit voltage and short-circuit current in the EMP spectrum with
the power on.
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